













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































EphrinB2/EphB4 signaling controls the switch 
between normal and aberrant angiogenesis by 
increasing VEGF doses 
Elena Groppa MSc1, Veronica Sacchi MSc1, Marianna Trani PhD1, Michael Heberer 
MD1 and Andrea Banfi MD1 
1Cell and Gene Therapy, Department of Biomedicine and Department of Surgery, Basel University 
Hospital, Basel, Switzerland 
 
Introduction 
Peripheral artery disease due to atherosclerosis is a common clinical 
problem that does not have any effective medical treatment yet (1). Over the past 
two decades, in order to halt the vessel obstruction process, the cardiovascular 
research has identified in therapeutic angiogenesis a promising approach to 
restore blood flow in ischemic tissues, by stimulating the formation of new 
vessels through release of growth factors (2). Several strategies based on the 
administration of one pro-angiogenic factor have enhanced vascularization and 
tissue recovery in preclinical settings, however, they have not been approved 
during clinical trials because of safety and/or efficacy concerns (3). The failure of 
these single factor-based therapies has uncovered the issue whether the delivery 
of one factor alone is safe and effective to produce therapeutic angiogenesis (4).  
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Vascular Endothelial Growth Factor A 164 (VEGF) is the master regulator of 
angiogenesis, being able to promote the activation of the angiogenic process that 
is followed by a maturation phase with the recruitment of mural cells via 
regulation of additional factors, such as platelet derived growth factor-BB (PDGF-
BB) (5). Based on this, most clinical trials for pro-angiogenic gene therapy have 
been done by using VEGF, however, they have not been successful because of 
VEGF-induced side effects, among which uncontrolled vessel growth (3, 6). Taking 
advantage of a highly controlled cell-based delivery platform, we have previously 
demonstrated that the activity of VEGF overexpression in skeletal muscle is tightly 
mediated by its micro-environmental dosage, forming either normal capillaries 
wrapped by pericytes at low levels, or angioma-like structures covered by smooth 
muscle cells at high ones (7). Interestingly, VEGF and PDGF-BB co-expression 
completely prevents VEGF-induced aberrant angiogenesis, promoting a network 
of homogeneous capillaries covered by pericytes. Vice versa, endogenous PDGF-
BB blockade reverts VEGF-induced angiogenesis from normal to aberrant vessels 
(8). These results clearly reveal the key role of PDGF-BB in normalizing VEGF-
induced angiogenesis by recruiting pericytes, which interact with endothelial cells 
by activating a variety of paracrine signals to achieve vessel maturation. However, 
it is completely unknown which pericyte-endothelium specific pathway, or 
combination of signals, may be responsible of the normalization of vessels newly 
induced by VEGF overexpression in skeletal muscle. Identifying and targeting 
these pathways could allow overcoming some limitations related to the use of 
VEGF as a single factor in gene-delivery approaches for therapeutic angiogenesis 
(6). 
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 Genetic studies in mouse demonstrated that a group of receptor tyrosine 
kinases (RTK) with their cognate ligands, is crucial in the endothelium-pericyte 
interaction during the development of the embryonic vasculature, among which 
there are transforming growth factor beta-1 receptor (TGFβR)/TGF-β1, 
Tie2/Angiopoietin-1 (Ang-1), and EphB4/EphrinB2 (9). Besides the vascular 
development, these pathways regulate adult angiogenesis (10, 11). TGF-β1 is 
synthesized by, and can signal to, both endothelial and mural (pericytes and 
smooth muscle cells) cells, and it can trigger different, even opposite, effects 
according to the activation of its two receptors, activin receptor-like kinase (Alk)-1 
and Alk-5 (9). Alk-1 activation promotes cell proliferation and migration, whereas 
Alk-5 prompts cell differentiation and quiescence (12). Similarly, the Tie2 receptor 
expressed by the endothelium, acts either in the activation or maturation phase 
of the angiogenic process by binding Ang-2 secreted by endothelial cells, or Ang-1 
produced by pericytes, respectively (11, 13). EphrinB2/EphB4 signaling is 
bidirectional such that EphrinB2 ligand triggers reverse signaling, while EphB4 
receptor activates the forward one. The expression of EphrinB2 ligand and EphB4 
receptor defines arterial and venous specification in vascular development, 
respectively, but it also extends to area of postnatal neovascularization (14). 
Besides, expression of EphrinB2 by mural cells controls the association to EphB4-
expressing endothelial cells (15, 16). 
 In the present study, we asked whether TGF-β1/TGFβR, Ang-1/Tie2, and 
EphrinB2/EphB4 signaling pathways are responsible of the normalization of VEGF-
induced angiogenesis by PDGF-BB-recruited pericytes. To address this question, 
we took advantage of a highly controlled gene transfer platform we previously 
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developed (17, 18), to investigate whether the inhibition of these pathways by 
soluble blockers, can switch VEGF-induced aberrant angiogenesis to normal. We 
discovered EphrinB2/EphB4 signaling to control angiogenesis induced by VEGF 
overexpression. 
MATERIALS AND METHODS 
Generation of retroviral vectors 
The cDNA sequences of human latency associated peptide (LAP) and 
extracellular region of murine Tie2 conjugated to Fc (sTie2Fc) were kindly 
provided by collaborations and generated as previously described (19, 20). The 
cDNA of human soluble EphB4 was polymerase chain reaction (PCR) cloned from a 
full-length cDNA clone (ImaGenes GmbH, Berlin, Germany) using primers FW 5'-
ATA GTCGAC ATGGAGCTCCGGGTGCTGCT-3' and RV 5'-T GCGGCCGC TCA 
CTGCTCCCGCCAGCCCTCGCTCTCAT-3', as previously performed (21). The cDNA 
sequence of each soluble receptor was inserted into SalI/NotI restriction sites of 
pAMFG in a bicistronic construct with a truncated rabbit CD4 surface marker 
joined through an internal ribosomal entry sequence (ICD4), producing 
pAMFG.LAP.ICD4, pAMFG.sTie2Fc.ICD4, and pAMFG.sEphB4.ICD4. All generated 
plasmids were verified by sequencing. 
Cell culture 
Primary myoblasts isolated from C57BL/6 mice were previously infected to 
express specific VEGF microenvironmental doses, as previously described (17). In 
this study, we used a low VEGF-expressing myoblast clone (V Low clone ~ 60 VEGF 
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ng/106 cells/day), and empty myoblasts (Ctrl). We infected V Low and Ctrl cells at 
high efficiency with pAMFG.LAP.ICD4, pAMFG.sTie2Fc.ICD4, pAMFG.sEphB4.ICD4, 
or pAMFG.ICD4 retroviruses.  Briefly, myoblasts were incubated with fresh viral 
supernatants, supplemented with 8 µl/ml polybrene (Sigma-Aldrich, St. Louis, 
MO) for 15 min at 37°C, and centrifuged in a microplate carrier at 1,100 g for 30 min 
at room temperature. Transduced cell populations were FACS-sorted based on 
the staining of non-functional surface marker CD4, as following reported. For 
specific experiments a clone expressing high levels of VEGF was used (V High 
clone ~ 120 VEGF ng/106 cells/day). All myoblasts were cultured in 5% CO2 on 
collagen-coated dishes, with a growth medium consisting of 40% F10, 40% 
Dulbecco’s modified Eagle’s medium (DMEM) low glucose, 20% fetal bovine serum 
(FBS), 1% penicillin (P) and streptomycin (S) supplemented with 2.5 ng/ml FGF-2, as 
previously described (22). 
Flow cytometric analysis and cell sorting 
We assessed the expression of the truncated version of CD4 by individual 
transduced cells by staining the myoblasts with an antibody against rabbit CD4 
directly conjugated to FITC (clone MCA799F, AbD Serotec). The staining was 
performed using 0.4 µg of antibody/106 cells in 200 µl (1:50 dilution) of phosphate-
buffered saline (PBS) with 5% BSA for 20 min in ice. Data were acquired using a 
FACS Calibur flow cytometer (Becton, Dickinson and Company) and analyzed 
using FlowJo software (Tree Star, Ashland, OR). Cell sorting was performed with a 
BD Influx cell sorter (Becton, Dickinson and Company). 
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Implantation of myoblasts into mice 
To avoid an immunological response to transduced myoblasts, cells were 
implanted into 6- to 8-week-old immunodeficient SCID CB.17 mice (Charles River 
Laboratories, Wilmington, MA). Animals were treated in accordance with Swiss 
Federal guidelines for animal welfare, and the study protocol was approved by 
the Veterinary Office of the Canton of Basel-Stadt (Basel, Switzerland). Myoblasts 
were dissociated in trypsin and resuspended in sterile PBS with 0.5% BSA. 
According to the experiment, 106 cells in 10 µl were implanted into the posterior 
auricular muscle, midway up the dorsal aspect of the external ear, or into the 
tibialis anterior (TA) and gastrocnemius (GC) muscles in the calf.  
To perform gain of function of EphB4 signaling, mice were 
intraperitoneally injected with EphrinB2-Fc or control-Fc (R&D) at the 
concentration 1 mg/kg, twice weekly starting 3 days before the myoblast injection 
(23). Animals were sacrificed and samples collected and processed as following 
described.  
Quantitative Real-Time PCR 
For RNA extraction from the total tissue, TA and GC muscles previously 
injected with transgenic myoblasts were freshly harvested and disrupted using a 
Qiagen Tissue Lyser (Qiagen) in 1 ml of PBS+ 1% Trizol (Invitrogen). RNA was 
extracted according to manufacturer’s instruction. RNA from total muscles was 
reverse transcribed into cDNA with the Omniscript Reverse Transcription kit 
(Qiagen) at 37 °C for 60 minutes. Quantitative Real-Time PCR (qRT-PCR) was 
performed on an ABI 7300 Real-Time PCR system (Applied Biosystems). 
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Expression of genes of interest was determined using commercial TaqMan gene 
expression assays (Applied Biosystems). The cycling parameters were: 50°C for 2 
minutes, followed by 95°C for 10 minutes and 40 cycles of denaturation at 95°C for 
15 seconds and annealing/extension at 60°C for 1 minute. Reactions were 
performed in triplicate for each template, averaged, and normalized to expression 
of the GAPDH housekeeping gene. 
Tissue staining 
The entire vascular network of the ear could be visualized following 
intravascular staining with a biotinylated Lycopersicon esculentum lectin (50 μg in 
100 μl, Vector Laboratories). Mice were anesthetized and lectin was injected 
intravenously for 4 minutes. Then, the tissues were fixed by vascular perfusion of 
1% paraformaldehyde and 0.5% glutaraldehyde in PBS pH 7.4 for 3 minutes and PBS 
for 1 minute. Ears were removed, bisected in the plane of the cartilage, and 
stained with X-gal staining buffer (1 mg/ml 5-bromo-4-chloro-3-indoyl--D-
galactoside, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 0.02% 
Nonidet P-40, 0.01% sodium deoxycholate, 1 mM MgCl2 in PBS pH 7.4). Tissues 
were stained using avidin-biotin complex-diaminobenzidine histochemistry 
(Vector Laboratories), dehydrated through an alcohol series, cleared with toluene 
and whole-mounted on glass slides with Permount embedding medium (Fisher 
Scientific). All images were taken with a 20X objective on an Olympus BX61 
microscope (Olympus, Volketswil, Switzerland). 
For tissue sections, mice were anesthetized and the tissues were fixed by 
vascular perfusion of 1 % paraformaldehyde in PBS pH 7.4 for 3 min under 120 
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mm/Hg of pressure. TA and GC muscles were collected and embedded in tissue 
freezing medium (OCT) compound (Sakura Finetek, Torrance, CA), frozen in 
isopentane, and cryosectioned. Tissue sections were then stained with X-gal (20 
m sections) or with hematoxylin & eosin (10 m sections). The following primary 
antibodies and dilutions were used: rat monoclonal anti-mouse CD31 (clone MEC 
13.3; BD Biosciences) at 1:100; mouse monoclonal antimouse alpha-smooth muscle 
actin (α-SMA) (clone 1A4; MP Biomedicals, Irvine, CA) at 1:400; rabbit polyclonal 
anti-NG2 (Chemicon, Temecula, CA) at 1:200; rabbit anti-Ki67 (Abcam, Cambridge, 
UK) at 1:100. Fluorescently labeled secondary antibodies (Invitrogen, Carlsbad, CA 
) were used at 1:200. Sections were then washed 3 times in PBS and mounted with 
Faramount Aqueous Mounting Medium (Dako), and images were acquired using 
both Olympus BX61 microscope (Olympus, Volketswil, Switzerland) and Zeiss LSM 
710 confocal microscope (Carl Zeiss, Feldbach, Switzerland).  
To study vessel perfusion, fluorescein isothiocyanate (FITC)-labeled 
Lycopersicon esculentum lectin (50 μg in 50 μl; Vector Laboratories) was injected 
into the femoral vein and allowed to circulate for 4 minutes before perfusion of 
fixative. 
Vessel analysis 
Vessel diameters were measured in whole mounts of ears stained with 
intravascular L. esculentum lectin perfusion, and leg tissue sections stained with 
fluorescently labeled antibodies against endothelium (CD31), pericyte (NG2), and 
smooth muscle cell (α-SMA). Briefly, vessel diameters were measured 
byoverlaying captured microscopic images with a square grid. Squares were 
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randomly chosen, and the diameter of each vessel (if any) in the center of 
selected squares was measured. To avoid selection bias, we systematically 
measured the shortest diameter in the selected vascular segment. We analyzed 
from 3 to 5 fields from each of 6 analyzed ears per group (n = 6) and from 3 to 10 
fields from each of 3 analyzed legs per group (n = 3). All images were taken with a 
20X objective on an Olympus BX61 microscope (Olympus, Volketswil, Switzerland) 
and analyses were performed with Cell Sense software (Olympus, Volketswil, 
Switzerland). 
Qualitative analysis of vascular morphology in immunofluorescence images 
was performed on all vascular structures visible in at least 3 fields/section with a 
40X objective on a Carl Zeiss LSM710 3-laser scanning confocal microscope (Carl 
Zeiss, Feldbach, Switzerland) in at least 5 sections/muscle, cut at 150 μm of 
distance from each other, in 3 muscles/group. 
Ki67 positive endothelial cells were quantified from the total amount of 
endothelial cells (300–800 total endothelial cells were counted per condition and 
per time-point) in up to 3 vascular enlargements visible in each of 3–5 fields in 
each area of effect. At least five areas with a clear angiogenic effect were 
analyzed per group. 
Statistical analysis 
Data are presented as mean ± standard error. The significance of 
differences was evaluated using analysis of variance (ANOVA) followed by the 
Bonferroni test (for multiple comparisons), or using a Mann Whitney test (for 
single comparisons); P<0.05 was considered statistically significant. 
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RESULTS 
Triple blockade of TGF-β1/TGFβR, Ang-1/Tie2, and EphrinB2/EphB4 
paracrine signals reverts VEGF-induced normal angiogenesis to aberrant 
 To investigate by which mechanisms the endothelium-pericyte crosstalk 
achieves the normalization of vessels newly induced by VEGF, we took advantage 
of our myoblast-based gene delivery platform. From our pool of myoblast clones, 
we selected one population that expresses specific low VEGF levels (V Low = 68±9 
ng/106 cells/day) that form normal angiogenesis (17, 24). cDNA sequences 
encoding LAP, sTie2Fc, and sEphB4 soluble receptors of TGF-1, Angs, and 
EphrinB2, respectively, were inserted into a bicistronic construct together with a 
FACS-quantifiable surface marker (trCD4) (Fig. 1A), and retroviral vectors were 
produced (17). V Low myoblast clone and empty myoblasts were retro-transduced 
and the following groups were generated: V Low-CD4 (V Low), V Low LAP-CD4 (V 
Low LAP), V Low sTie2Fc-CD4 (V Low sTie2-Fc), V Low sEphB4-CD4 (V Low 
sEphB4), Ctrl LAP-CD4 (Ctrl LAP), Ctrl sTie2Fc-CD4 (Ctrl sTie2-Fc), and Ctrl sEphB4-
CD4 (Ctrl sEphB4). After transduction, cell were sorted based on the expression 
of CD4 surface marker, and FACS analysis proved the generation of CD4 highly 
positive myoblasts as depicted in Fig. 1B. Moreover, enzyme-linked immune 
sorbent assay (ELISA) confirmed previous VEGF expression values, excluding any 
effect by the transduction procedure on the exogenous VEGF expression by V 
Low cells (V Low = 64±3, V Low LAP = 64±6, V Low sTie2-Fc = 79±4, V Low sEphB4 
= 62±5 ng/106 cells/day) (17) (24). 
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 We firstly verified whether endogenous PDGF-BB-mediated pericyte 
recruitment normalizes low VEGF-induced angiogenesis at least through one of 
the TGF-β1/TGFβR, Ang-1/Tie2, and EphrinB2/EphB4 signaling pathways, by 
implanting a pool of blocker expressing-V Low myoblast clones into the tibialis 
anterior (TA) and gastrocnemius lateralis (GC) muscles in the hind limb of adult 
SCID mice. As control, we injected myoblasts expressing only the blockers (Ctrl 
3b). By 14 days after cell injection, control myoblasts did not perturb either the 
preexisting vasculature or skeletal muscle tissue, as shown in Fig. 1C. Instead, the 
expression of the three soluble receptors switched angiogenesis by low VEGF 
doses from normal to aberrant, forming vessels with enlarged and irregular 
diameter and covered by a patchy layer of α-SMA+ mural cells, similar to the classic 
angioma-like structures previously detected at high VEGF levels (Fig. 1D-F) (7).  
Taken together, these results indicate that the TGF-β1/TGFβR, Ang-1/Tie2, 
and EphrinB2/EphB4 signaling pathways together are crucial for the normalization 






Figure 1 Triple blockade of specific pericyte-endothelium paracrine signals switches VEGF-induced angiogenesis 
from normal to aberrant. A) Retroviral constructs used to generate myoblast populations expressing soluble 
blocker and CD4 truncated surface marker. B) Generation of CD4 highly positive myoblasts by retroviral infection 
and FACS-based isolation. C-F) Immunofluorescence staining of endothelium (CD31, in red), pericyte (NG2, in 
green), and smooth muscle cell (α-SMA, in cyan) on frozen sections of leg skeletal muscles of mice injected with 
myoblasts expressing the three blockers alone (Ctrl 3b), or with VEGF (V Low 3b), or VEGF alone (V Low), and 
sacrificed at 14 days after cell injection. C) Ctrl 3b did not affect skeletal tissue vasculature. D-F) Triple blockade 





Blockade of EphrinB2/EphB4 signaling pathway, but not of TGF-β1/TGFβR 
and Ang-1/Tie2, switches VEGF-induced angiogenesis from normal to 
aberrant 
 In order to understand whether TGF-β1/TGFβR, Ang-1/Tie2, and 
EphrinB2/EphB4 pathways contribute together or alone to the switch of 
angiogenesis induced by low VEGF doses from normal to aberrant, we injected 
the three blocker-secreting V Low myoblast populations alone into TA and GC 
muscles. By 2 weeks after myoblast implantation, normal angiogenesis newly 
induced by V Low was not affected either by TGF-β1/TGFβR or Ang-1/Tie2 signaling 
inhibition, in fact, we observed capillaries homogeneous in size and morphology 
tightly covered by NG2+/α-SMA- pericytes, similarly to control vessels (Fig. 2A, B, 
and C). Instead, EphrinB2/EphB4 signaling blockade displayed a mixture of normal 
and aberrant new vessels at low VEGF doses (Fig. 2D-F). Closed to area of normal 
capillaries, we observed glomeruloid bodies with a mantel of NG2+/α-SMA+ mural 
cells, and irregularly enlarged structures lacking NG2+/α-SMA- pericytes and 
wrapped, instead, by long protrusions of NG2-/α-SMA+ mural cells, resembling the 
aberrant phenotype generated by high VEGF doses (7). Pericytes covering normal 
capillaries induced by low VEGF doses become embedded within a capillary 
basement membrane (BM), as indicated by laminin staining that wraps NG2+ cells 
(Fig. 3J and M). Instead, the exclusion of NG2-/α-SMA+ cells from the BM 
suggested that endothelium wall of abnormal vessels caused by V Low sEphB4 
cells was covered by proper smooth muscle cells (Fig. 3K, L, N, and O) (9).  
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Figure 2 EphrinB2/EphB4 signaling blockade, but not TGF-β1/TGFβR and Ang-1/Tie2, affects normal 
angiogenesis by low VEGF doses. A-F) Immunofluorescence staining of endothelium (CD31, in red), pericyte 
(NG2, in green), and smooth muscle cell (α-SMA, in cyan) on frozen sections of leg skeletal muscles of mice 
injected with myoblasts expressing low VEGF doses alone (V Low), or with LAP (V Low LAP), sTie2-Fc (V Low 
sTie2-Fc), sEphB4 (V Low sEphB4) blocker, and sacrificed at 14 days post cell injection. Neither TGF-β1/TGFβR nor 
Ang-1/Tie2 pathway blockade impaired normal angiogenesis by low VEGF doses (A-C), instead, EphrinB2/EphB4 
pathway inhibition induced a mixture of normal and aberrant vessels (D-F). Size bars= 25 μm. G) Vascular 
diameter distribution was quantified on immunostained cryosections from leg skeletal muscles collected at 14 
days post implantation of Ctrl sEphB4, V Low, and V Low sEphB4 myoblasts. n= 3 legs per group. 
Quantification of vascular diameter distribution showed that vessels in areas 
implanted with control Ctrl sEphB4 cells were uniformly distributed around a 
median of 3.0 μm and 90th percentile of 4.5 μm. Similarly, V Low cells induced a 
homogeneous population of vascular enlargements with a median of 4.0 μm and 
90th percentile of 5.8 μm. Instead, V Low sEphB4 myoblasts caused a significantly 




Figure 3 Aberrant vessels newly induced by V Low sEphB4 cells are functionally connected to the circulation 
and covered by smooth muscle cells. A-I) Mice received intravenous injections of FITC-lectin 2 weeks after 
implantation of V Low and V Low sEphB4 myoblast clones. Frozen sections were immunostained for the 
endothelial marker CD31 (red) and perfused structures were visualized by FITC-lectin (green). J-O) 
Immunofluorescence staining of endothelium (CD31), pericytes (NG2), smooth muscle cell (α-SMA), nuclei (dapi), 
and basement membrane (laminin) on frozen sections of leg skeletal muscles of mice injected with myoblasts 
expressing low VEGF doses alone or together with sEphB4 blocker, and sacrificed at 14 days after cell injection. 
Low VEGF levels caused vascular normal capillaries covered by NG2+ pericytes embedded into basement 
membrane (J and M), whereas the co-expression of sEphB4 blocker induced vascular enlargements which were 
associated with α-SMA+ smooth muscle cells external to it (white arrowheads) (K, L, N, and O). Size bars= 25 μm. 
with a median of 5.6 μm and 90th percentile of 11.0 μm (average diameter: Ctrl 
sEphB4 = 3.1 ± 0.03 μm, V Low = 4.3 ± 0.1 μm, and V Low sEphB4 = 6.7 ± 0.2 μm; 
P<0.001) (Fig. 2G).  
Intravascular staining by FITC-labeled tomato lectin, which binds to the 
luminal endothelial wall of vessels, co-localized with endothelium staining (CD31), 
indicating that aberrant capillaries caused by V Low sEphB4 cell injection, were 
functionally perfused (Fig. 3D-I), in line with the observations made on angioma-
like structures induced by high VEGF doses (25).  
To investigate the evolution of abnormal angiogenesis by co-expression of 
low VEGF doses and sEphB4 blocker, we injected V Low, V Low sEphB4, and Ctrl 
sEphB4 myoblasts into posterior auricular (ear), and TA and GC muscles of SCID 
mice, and collected the tissues at 4 weeks post myoblast implantation. We 
noticed the persistence of aberrant angiogenesis by V Low sEphB4 myoblasts by 
histological staining on both ears and leg tissue sections, compared to control 
tissues injected with V Low cells (Fig. 4A-H). Co-expression of low VEGF levels and 
sEphB4 soluble receptor displayed enlarged vessels and disorganized multi-lumen 
capillaries covered by NG2+/α-SMA+ mural cells (Fig. 4C and D). Quantification of 
vessel diameter distribution on whole mount ears stained with lectin (Fig. 4E-H), 
confirmed the formation of a significant number of enlarged vessels by V Low 
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sEphB4 cells, as indicated by the tail of Gaussian curve with a 90th percentile of 
15.7 μm compared to V Low, which led to a 90th percentile of 7.6 μm (average 
diameter: Ctrl sEphB4 = 5.2 ± 0.1 μm, V Low = = 5.5 ± 0.1 μm, and V Low sEphB4 = 
8.9 ± 0.4 μm; P<0.001) (Fig. 4E-I).  
 Taken together, these results suggest that EphrinB2/EphB4 pathway, but 
not TGF-β1/TGFβR and Ang-1/Tie2, is pivotal for pericyte-endothelium crosstalk for 
forming normal capillaries upon delivery of low VEGF doses.  
 
Figure 4 Persistence of abnormal angiogenesis induced by EphrinB2/EphB4 signaling blockade upon 
implantation of low VEGF doses. A-D) Immunofluorescence staining of endothelium (CD31, in red), pericytes 
(NG2, in green), and smooth muscle cell (α-SMA, in cyan) on frozen sections of leg skeletal muscles of mice 
injected with myoblasts expressing sEphB4 (Ctrl sEphB4), low VEGF doses alone (V Low), or with sEphB4 (V Low 
sEphB4), and sacrificed at 28 days post cell implantation. Size bars= 25 μm. E-I). Blood vessels were visualized in 
whole-mount preparations after intravascular lectin perfusion (in brown) at 28 days. Quantification of vessel 
diameter distribution performed on ear skeletal muscle implanted with each cell population. 
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EphrinB2/EphB4 pathway blockade affects vascular remodeling of VEGF-
induced angiogenesis 
 We sought to verify if EphrinB2/EphB4 pathway blockade affects vascular 
remodeling of angiogenesis newly induced by low VEGF levels. For this purpose, 
analyses on vascular morphology were conducted at early time points, i.e. 3, 4, 
and 7 days after the injection of myoblasts expressing VEGF alone or together 
with sEphB4 blocker.  In regard to vascular remodeling, we have recently 
demonstrated that angiogenesis by VEGF overexpression in adult skeletal muscle, 
occurs via intussusception, which starts by vessel enlargement and proceeds with 
the formation of pillars that fuse together and divide longitudinally the affected 
vascular segment to form new capillaries. The initial vascular enlargement is 
crucial in intussusception and its degree is proportional to VEGF dose (24).  
By 3 days after cell injection, NG2+ pericytes were recruited to the area of 
vascular structures newly formed by low VEGF doses both in absence or presence 
of sEphB4 soluble receptor (Fig. 5A and B). In agreement with this, gene 
expression analysis in muscles implanted with V Low or V Low sEphB4 myoblasts 
showed similar regulation of endogenous PDGF-BB, which recruits mural cells 
(Fig. 5C) (10). However, careful examination of the histological staining revealed 
that upon co-expression of low VEGF doses and sEphB4 blocker, few NG2+/α-SMA+ 
mural cells covered the endothelium wall of enlarged structures newly induced, 
whereas only NG2+/α-SMA- pericytes were observed in tissue injected with V Low 
alone (Fig. 5A-B).  
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 By 4 days after cell injection, quantification of vessel diameter distribution 
indicated that both V Low and V Low sEphB4 formed vessel populations 
heterogeneous in size, however, the co-expression of sEphB4 blocker significantly 
enhanced the degree of vascular enlargement. In fact, V Low injection cells 
displayed a vascular diameter distribution with a median of 7.4 μm and 90th 
percentile of 12.3 μm, whereas, V Low sEphB4 led to a median of 9.3 μm and 90th 
percentile of 16.4 μm (average diameter:  V Low = 8.0 ± 0.2 μm and V Low sEphB4 
= 10.8 ± 0.3 μm; P<0.0001) (Fig. 5D, E, and F). Diameter quantification of vessels 
formed by high levels of VEGF doses (V High), generated a Gaussian curve with a 
90th percentile of 15.3 μm, suggesting that V High and V Low sEphB4 similarly 
increased the degree of vascular enlargement compared to V Low 
(Supplementary Fig. 1). The divergent effect by V Low and V Low sEphB4 cells on 
diameter distribution of the vascular structures newly formed, was registered also 
at 3 and 7 days post cell injection, with V Low sEphB4 leading an increase of the 
degree of vascular enlargement (Supplementary Fig. 2). 
 After 7 days post myoblast implantation, low VEGF doses alone gave rise to 
a network of homogenous and mature capillaries (Fig. 5G and H), whereas, the co-
expression of sEphB4 soluble receptor yielded an heterogeneous vascular 
phenotype characterized by the presence of normal angiogenesis, but also mural 
cell-naked capillaries, and aberrant structures covered by NG2+/α-SMA+ or NG2-/α-
SMA+ cells (Fig. 5I-L). The latter disparate mural phenotype was deeper 
investigated in combination with a staining for basement membrane, which 
suggested a pericytic identity for the NG2+ cells embedded into the basement 
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membrane, while defined smooth muscle cells the α-SMA+ cells external to this 
layer (Fig. 5M and N). 
 
Figure 5 EphrinB2/EphB4 signaling blockade impairs vascular remodeling in hind limb muscles implanted with 
low VEGF doses. Immunofluorescence staining of endothelium (CD31, in red), pericytes (NG2, in green), smooth 
muscle cell (α-SMA, in cyan), and basement membrane (laminin, violet) on frozen sections of leg skeletal muscles 
of mice injected with V Low and V Low sEphB4. A-B) At 3 days post cell injection, normal NG2+/α-SMA- pericytes 
were recruited to vascular structures induced by V Low, while NG2+/α-SMA+ mural cells were observed in those 
generated by V Low sEphB4. C) Analysis of PDGF-BB endogenous expression was conducted on total RNA 
extracted from TA and GC muscles harvested at 4 and 7 days after implantation of Ctrl sEphB4, V Low, and V Low 
sEphB4. F) Quantification of vessel diameter distribution on immunofluorescence labeled cryosections (D-E) from 
skeletal muscles injected with V Low and V Low sEphB4 and collected at 4 days post cell injection. G-N) By 7 days 
after myoblast injection, V Low cells induced the formation of remodeled normal vascular network, whereas, V 
Low sEphB4 formed a mixture of NG2+/α-SMA- pericyte covered-normal capillaries, naked-vessels, and NG2-/α-
SMA+ smooth muscle cell-coated angioma structures. Size bars= 25 μm. 
 Taken together, these results indicate that EphrinB2/EphB4 pathway 
blockade does not prevent the recruitment of pericytes by endogenous PDGF-BB. 
Nevertheless, the expression of sEphB4 blocker affects the mural coverage of 
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vessels newly formed by low VEGF levels, causing the loss of NG2+/α-SMA- 
pericytes replaced by NG2+/α-SMA+ and NG2-/α-SMA+ cells, and increases the 
degree of vascular enlargement during intussusception remodeling, as observed 
in angiogenesis induced by high VEGF doses. 
Aberrant vessels caused by co-expression of low VEGF doses and sEphB4 
blocker, are associated with endothelial cell proliferation 
 In intussusception angiogenesis induced by VEGF overexpression, the 
initial vascular enlargement is associated with endothelium proliferation that 
depends on VEGF signaling (24). Therefore, we verified if EphrinB2/EphB4 
pathway inhibition affects vascular enlargement upon delivery of low VEGF levels 
by influencing cell proliferation.  
 After 4 days post cell injection, the number of Ki67-positive cells indicated 
that the structures induced by both V Low and V Low sEphB4 myoblasts, had 50% 
of endothelium actively proliferating as shown by the Fig. 6 (A, C, and E). At 7 days 
post myoblast implantation, endothelial cells in the normal vascular network 
newly induced by low VEGF levels drastically decreased down to 8% (Fig. 6B and 
E). Similarly, the endothelial cells in the normal capillaries generated by V Low 
sEphB4 cells become quiescent (5%), while the endothelium of the aberrant 
vascular structures continued to proliferate (50%) (Fig. 6D and E).  
Comparison of gene expression analysis performed on total skeletal 
muscles showed a significant difference of endogenous VEGF expression in 




Figure 6 Endothelial cells of aberrant structures induced by V Low sEphB4 cells continue proliferate. A-D) 
Immunostaining with antibodies for endothelium (CD31, in green), proliferating cells (Ki67, in red), and with 
nuclei (DAPI, in blue) was performed on cryosections of skeletal muscles harvested at 4 and 7 days after 
implantation of V Low and V Low sEphB4 myoblasts. E) The percentage of proliferating endothelial cells was 
quantified in areas of effect, ***P<0.0001, V Low vs V Low sEphB4 aberrant (*); n = 3 muscles per group, per 
time-point; size bars=25 μm. F) Expression of exogenous and endogenous VEGF was analyzed from total RNA 
extracted from TA and GC muscles harvested at 4 and 7 days after implantation with Ctrl sEphB4, V Low, and V 
Low sEphB4 myoblasts. 
sEphB4, which instead did not diverge (Fig. 6F). The latter groups did not display 
any difference also in regard to exogenous VEGF expression (Fig. 6F). 
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 Taken together, these results indicate that vascular enlargements 
observed by 4 days after the injection of V Low and V Low sEphB4 myoblasts, are 
characterized by similar endothelium proliferation. However, 7 days post cell 
implantation, cell proliferation percentage is higher in aberrant vessels generated 
by V Low sEphB4 compared to the one found in normal capillaries formed either 
by V Low or V Low sEphB4. Notably, this difference in cell proliferation is not 
dependent on VEGF dose. 
Activation of EphB4 signaling reverts aberrant angiogenesis induced by 
high VEGF doses to normal 
 To test the role of EphrinB2/EphB4 signaling in normalizing VEGF-induced 
angiogenesis, we verified whether the gain of function (GOF) of EphB4 signaling 
could revert aberrant angiogenesis by high VEGF levels to normal. For this 
purpose, we injected V High clone in TA and GC muscles of adult SCID mice, and 
treated systemically the animals with EphrinB2-Fc or Fc by intraperitoneal 
injection. The presence of Fc makes EphrinB2 able to form a dimer and therefore, 
activate EphB4 receptor (26). We collected the samples at 7 and 14 days after 
myoblast implantation and performed histological analysis. At both time points, 
high VEGF doses induced enlarged and tortuous capillaries, and angioma-like 
structures covered by NG2-/α-SMA+ smooth muscles cells, as expected (Fig. 7A, B, 
E, F, I, and J). Interestingly, GOF of EphB4 signaling caused V High clone to form a 
remodeled network of smaller diameter vessels covered by pericytes (Fig. 7C, D, 
G, H, K, and L). These observations were reflected by the quantification of vessel 
diameter distribution at 7 and 14 days post myoblast injection (Fig. 7M and N). In 
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fact, by 7 days, the injection of V High together with Fc treatment yielded an 
heterogeneous vascular distribution with a median of 6.3 μm and 90th percentile 
of 13.4 μm, whereas V High combined with EphrinB2-Fc administration displayed a 
median of 5.7 μm and 90th percentile of 10.1 μm (Fig. 7M) (average diameter:  V 
High + Fc = 7.7 ± 0.2 μm and V High + EphrinB2-Fc = 6.5 ± 0.2 μm; P<0.0001). The 
difference between the two conditions was striking at 14 days post cell injection, 
when we observed a heterogeneous vascular distribution upon V High cell 
injection and Fc treatment, characterized by a median of 6.7 μm and 90th 
percentile of 13.8 μm (Fig. 7N). Conversely, high VEGF levels injected into skeletal 
muscles of mice treated with EphrinB2-Fc, produced a vasculature with 
homogeneous diameter distribution (Fig. 7N), such that we found a median of 4.7 
μm and 90th percentile of 7.9 μm (average diameter:  V High + Fc = 8.1 ± 0.2 μm 
and V High + EphrinB2-Fc = 5.4 ± 0.2 μm; P<0.0001).  
The normal vascular phenotype induced by GOF of EphB4 signaling could 
be due to regression of aberrant vessels. This was excluded by analyzing laminin 
staining that did not show any empty sleeve of vascular basement membrane, 




Figure 7 Gain of function of EphB4 signaling switches aberrant angiogenesis induced by high VEGF doses to 
normal. A-L) Vessels induced by implantation of V High cells in skeletal muscles of SCID mice treated with Fc or 
EphrinB2-Fc, were immunostained with antibodies against endothelium (CD31, in red), pericytes (NG2, in green), 
smooth muscle cells (α-SMA, cyan), and nuclei (DAPI, in blu) on frozen sections. Asterisks (*) indicate the lumen 
of an angioma-like structure devoid of pericytes and covered by smooth muscle cells. Size bars= 25 μm. M-N) The 






 In this work we tested the role of three specific endothelium-pericyte 
paracrine signals, i.e. TGF-β1/TGFβR, Ang-1/Tie2, and EphrinB2/EphB4, in the 
transition from normal to aberrant angiogenesis by increasing VEGF doses. We 
discovered that neither TGF-β1/TGFβR nor Ang-1/Tie2 affected normal vessels 
newly formed by low VEGF doses, whereas, EphrinB2/EphB4 signaling inhibition 
displayed angioma-like structures similar to the ones previously observed by 
expression of high VEGF doses (7).  
 TGF-β1 has been described to regulate vessel formation by inhibiting 
sprouting angiogenesis (28, 29), while there are no evidences that support its 
activity in intussusception angiogenesis, which is the mode of vessels growth by 
VEGF overexpression in skeletal muscle (24). Moreover, the regulation of TGF-β1 
bioavailability is mediated by extracellular matrix remodeling (30) that occurs in 
sprouting (31), but is not so crucial in intussusception, as suggested by the 
differential gene and protein expression in the two mechanisms (32). These 
considerations lead us to speculate that TGF-β1/TGFβR signaling does not act 
during intussusception, therefore, it does not regulate pericyte-endothelium 
crosstalk in angiogenesis induced by VEGF overexpression in skeletal muscle. 
 Ang-1/Tie2 signaling blockade did not reveal any mural cell coverage 
impairment, consistently with other works that demonstrated that neither Tie2 
receptor nor Ang-1 ligand are required for pericyte enrollment to the endothelium 
(9). The capacity of Ang-1 to form enlarged blood vessels without 
inducing sprouting (33) suggests that this signaling could have a role in 
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intussusception. Nevertheless, our results did not show any vascular morphology 
impairment by sTie2-Fc soluble blocker. A likely explanation is that cell plasticity to 
Ang-1 is tissue and age-dependent, because Ang-1-induced effects were observed 
to occur in a critical developmental window (33). In line with this, the release of 
Ang-1 alone does not affect vasculature per sè in adult tissue (34, 35). It is also 
plausible that in our system a redundancy of signaling overcomes Ang-1/Tie2 
pathway blockade and preserves normal angiogenesis by low VEGF doses. 
 Contrary to the previous signaling pathways, we observed that the 
inhibition of EphrinB2/EphB4 pathway affected angiogenesis induced by low VEGF 
doses, producing a mixture of normal and aberrant capillaries. This disparate 
phenotype may be explained by our blocking strategy, since we did not 
completely silence the specific signaling, while we injected soluble blocker-
expressing polyclonal myoblast populations in the skeletal tissue.  
Our analyses converged to the conclusion that EphrinB2/EphB4 pathway blockade 
affects vascular remodeling of angiogenesis newly induced by low VEGF levels, at 
the level of vascular enlargement and mural coverage.  
We tested whether there was a correlation between the increased degree of 
vascular enlargement caused by V Low sEphB4 compared to V Low and cell 
proliferation. Our data indicated that, by 4 days after cell injection, similar number 
of proliferating endothelial cells were present in the structures newly induced by 
co-expression of low VEGF levels and sEphB4 blocker compared to low VEGF 
alone, despite different vascular diameter distributions. Similar results were 
previously observed by comparing vessel diameter distribution and cell 
proliferation between V Low and V High (24). To deeply understand if there is an 
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association between vessel diameter and cell proliferation during vascular 
induction, we will verify whether endothelial cells start to proliferate earlier or 
proliferate faster in presence of sEphB4 blocker compared to V Low alone by 3 
and 4 days post cell injection. Conversely, we registered an increase of 
endothelium proliferation in aberrant vessels newly formed by V Low and sEphB4 
blocker compared to the normal capillary network caused by V Low alone at 7 
days after cell injection. It is plausible that EphrinB2/EphB4 signaling inhibition 
triggers cell proliferation, since the activation of EphB4 receptor was described to 
inhibit cells proliferation in endothelial cells (23, 36).  
Besides cell proliferation, endothelium motility and adhesion, which can be 
regulated by EphrinB2/EphB4 signaling, could induce an increase of the degree of 
vascular enlargement in presence of low VEGF doses and sEphB4 blocker 
compared to low VEGF alone (14). 
Nevertheless, taken together our results on vascular diameter distribution lead us 
to speculate that while pillar formation occurs in presence of low VEGF levels, 
some mature pillars may fail to complete in the presence of an excessive diameter 
caused by EphrinB2/EphB4 pathway blockade, as previously caused by high VEGF 
doses (24). 
 In regard to mural coverage, at 3 days post cell implantation, 
EphrinB2/EphB4 signaling blockade did not interfere with mural cell recruitment, 
consistently with the results of Foo and coworkers, who showed that the number 
of mural cell-specific knockout of EphrinB2 recruited to the vasculature was 
comparable to control tissues, although they were scattered (15). Nevertheless, 
mural cells were not the classical identified NG2-positive pericytes, instead we 
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detected NG2 and α-SMA double positive cells. We hypothesize that EphrinB2 
reverse signaling to mural cells, might cause differentiation from NG2-pericyte to 
α-SMA-positive smooth muscle cells. NG2 is associated to cytoskeleton 
components, while EphrinB2/EphB4 signaling coordinates cytoskeleton dynamics 
(14, 37), therefore EphrinB2/EphB4 signaling blockade may cause cytoskeleton 
changes that affect NG2 distribution and presentation. However, it is also possible 
that the growth of aberrant structures by itself impairs mural cell phenotype and 
promotes the differentiation to smooth muscles cells.  
 Contrary to the loss of function, the stimulation of EphB4 signaling 
reverted aberrant angiogenesis by high VEGF doses to normal, yielding the 
formation of remodeled capillary network. This is consistent with the results of 
Kimura and coworkers who showed that the activation of EphB4 receptor by 
EphrinB2 ligand induced the reduction of tumor growth through vascular 
normalization leading to mature narrow vessels (23). EphrinB2 normalizes high 
VEGF-induced angiogenesis likely by interfering with VEGF signaling, for example 
by reducing proliferation of endothelial cells induced by VEGF mainly through 
Ras/MAPK pathway, as described by Kim and coworkers (36).  
 In conclusion, our results show that EphrinB2/EphB4 signaling controls the 
switch between normal and aberrant angiogenesis by increasing VEGF doses, in 
particular EphrinB2 ligand can normalize VEGF-induced aberrant vessels. 
Therefore, in prospective of therapeutic angiogenesis approaches, EphrinB2 
ligand could be co-delivered together with VEGF to target both vascular induction 
and maturation, thereby overcoming some limitations related to the use of VEGF 




Suppl. Figure 1 Vascular diameter distribution quantified on immunostained cryosections of leg skeletal muscle 
of mice injected with high VEGF doses in leg skeletal muscles and sacrificed at 4 days post cell injection. 
 
 
Suppl. Figure 2 Vascular diameter distribution quantified on immunostained sections from leg skeletal muscles of 
mice injected with low VEGF doses with or without co-expression of sEphB4 blocker, and sacrificed at 3 and 7 
days after cell injection. 
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Suppl. Figure 3 No vascular regression upon gain of function of EphB4 signaling. Immunostaining for 
endothelium (CD31, in red), basement membrane (laminin, in green), and with nuclei (DAPI, in blue) was 
performed on cryosections of leg skeletal muscles of mice injected with myoblasts expressing high VEGF doses, 
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Therapeutic Angiogenesis (TA) is an attractive strategy that aims to induce 
normal, stable, and functional blood vessels by delivering angiogenic factors to 
ischemic tissues. Vascular Endothelial Growth Factor (VEGF) is the master 
regulator of vascular growth in both development and postnatal life, and it has 
long been recognized as the major molecular target to achieve TA (1). However, 
several studies have showed that uncontrolled and sustained VEGF expression by 
delivery of plasmid DNA (2, 3), adenoviral (4, 5) and adeno-associated (6, 7) 
vectors, or genetically engineered myoblasts (8, 9) has the potential to cause the 
growth of aberrant vascular structures and angioma-like tumors in both normal 
and ischemic tissues. On the other hand, in vivo inducible systems (10, 11) and 
systemic treatment with blocking reagents (12) showed that short-term VEGF 
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expression of less than about four weeks is insufficient to stabilize newly induced 
vessels, which regress after stimulus cessation. Therefore, it is desirable to 
accelerate vascular stabilization to enable short-term therapy. 
The best understood mechanisms leading to newly induced vessel 
stabilization is the recruitment of pericytes that suppress endothelial cell 
proliferation and release endothelial cell-survival signals such as Angiopoietin-1 
(Ang-1) and low levels of VEGF (13-15). Bone marrow (BM)-derived mononuclear 
cells have also been described to home to the sites of VEGF-induced adult 
angiogenesis, where they do not incorporate into the newly formed vessels (16, 
17) and have been suggested to secrete paracrine factors beneficial for vessel 
development and cell survival (18). Recently, Zacchigna and coworkers have 
showed that a specific population of BM-derived myeloid cells, expressing both 
the monocyte marker CD11b and the VEGF co-receptor Neuropilin-1 (NP-1) and 
named therefore Neuropilin-Expressing Monocytes (NEM), favor vascular 
stabilization by secreting several paracrine factors, among which Trasforming 
Growth Factor-β  (TGF-β) and Platelet-Derived Growth Factor-BB (PDGF-BB) (19). 
Further, it was found that NEM recruitment can be increased by Semaphorin 3A 
(Sema3A), a glycoprotein that is expressed by endothelial cells and can act as an 
anti-angiogenic factor (19, 20). 
During developmental angiogenesis, VEGF activity is exquisitely dose-
dependent, since changes in its expression levels as small as a 50% reduction or a 
two- to three-fold increases result in severe vascular defects and embryonic 
lethality (21-23). Also in the setting of therapeutic VEGF overexpression in adult 
tissues, the growth of either normal capillary networks or aberrant angioma-like 
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structures is strictly controlled by the dose of VEGF localized in the 
microenvironment around each expressing cell (12, 24). On the other hand, very 
low VEGF levels efficiently generate normal angiogenesis, but fail to restore 
perfusion in ischemic tissue (24). Therefore, safe and effective angiogenesis 
requires VEGF expression in a specific therapeutic window of doses. However, it is 
unknown whether VEGF dose may also regulate vascular stabilization. 
Here we took advantage of a highly controlled gene delivery platform we 
previously developed, based on monoclonal populations of VEGF-expressing 
transduced myoblasts (25, 26), to rigorously investigate whether different 
microenvironmental doses of VEGF regulate vessel stabilization independently 
from the transition from normal to aberrant angiogenesis, as well as the 
underlying mechanism. We found that VEGF negatively regulates vascular 
stabilization in a dose-dependent fashion, not by affecting pericyte recruitment, 
but rather by directly inhibiting the endothelial Sema3A/NEM/TGF-β1 paracrine 
axis. 
Materials and Methods 
Cell culture 
Primary myoblasts isolated from C57BL/6 mice were transduced to express 
the -galactosidase marker gene (lacZ) from a retroviral promoter (27) and over-
infected at high efficiency with retroviruses carrying the cDNA of murine VEGF164, 
and a truncated murine CD8a as marker linked through an IRES sequence 
(Internal-Ribosome-Entry-Site) (28). The isolation and characterization of early 
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passage myoblast clones homogeneously expressing specific VEGF levels have 
been previously described (26). Briefly, myoblast clones were isolated using a 
FACS Vantage SE cell sorter (Becton Dickinson) and single cell isolation was 
confirmed visually. By ELISA assay we assessed the stability of the VEGF secretion 
periodically. All myoblast populations were cultured in 5% CO2 on collagen-coated 
dishes with a growth medium consisting of 40% F10, 40% DMEM low glucose (1000 
mg glucose/liter) and 20% fetal bovine serum, supplemented with 2.5 ng/ml basic 
fibroblast growth factor (FGF-2), as previously described (29). 
Implantation of myoblasts into mice 
Six-eight week-old, male SCID CB17 mice (Charles River Laboratories, 
Sulzfeld, Germany) were treated in accordance with the Swiss Federal guidelines 
for animal welfare, after approval from the Veterinary Office of the Canton of 
Basel-Stadt (Basel, Switzerland). SCID mice were used to avoid any immunologic 
response to myoblasts expressing xenogenic proteins. Myoblasts were 
dissociated in trypsin and resuspended in PBS with 0.5% BSA. We injected 1x106 
myoblasts in 10 µl into the posterior auricular muscle, midway up the dorsal 
aspect of the external ear, and into the tibialis anterior and gastrocnemius 
muscles in the calf, using a syringe with a 291/2-gauge needle. 
VEGF-TrapR1R2 
VEGF-TrapR1R2, which consists of portions of extracellular domain of VEGFR-
1 and VEGFR-2 coupled to human Fc, is a soluble form of VEGF receptors that can 
be used to deplete active VEGF in vivo (30). Mice were treated with VEGF-TrapR1R2 
(25 mg/kg; 100 µl intraperitoneally) in PBS (40 mM phosphate and 20 mM NaCl, pH 
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7.4) or with vehicle (PBS; 100 µl intraperitoneally) 2 and 4 days before tissue 
harvest. On days 14 and 21, the vasculature was stained by injection of biotinylated 
Lycopersicon esculentum lectin intravascularly to examine the morphological 
changes (n= 5 mice per group). 
Tissue staining 
The entire vascular network of the ear could be visualized following 
intravascular staining with a biotinylated Lycopersicon esculentum lectin (50 μg in 
100 μl; Vector Laboratories). Mice were anesthetized, lectin was injected 
intravenously and 4 minutes later the tissues were fixed by vascular perfusion of 
1% paraformaldehyde and 0.5% glutaraldehyde in PBS pH 7.4. Ears were then 
removed, bisected in the plane of the cartilage, and stained with X-gal staining 
buffer (1 mg/ml 5-bromo-4-chloro-3-indoyl--D-galactoside, 5 mM potassium 
ferricyanide, 5 mM potassium ferrocyanide, 0.02% Nonidet P-40, 0.01% sodium 
deoxycholate, 1 mM MgCl2 in PBS pH 7.4). Tissues were stained using avidin-biotin 
complex-diaminobenzidine histochemistry (Vector Laboratories), dehydrated 
through an alcohol series, cleared with toluene and whole-mounted on glass 
slides with Permount embedding medium (Fisher Scientific). Vascular morphology 
was analyzed at 2 and 3 weeks post-injection. To study vessel perfusion in vivo 
fluorescein isothiocyanate (FITC)-labeled Lycopersicon esculentum lectin (50 μg in 
50 μl; Vector Laboratories) was injected into the femoral vein and allowed to 
circulate for 4 hours before perfusion of fixative (24). 
For tissue sections, mice were anesthetized and fixed by vascular perfusion 
of 1% paraformaldehyde in PBS pH 7.4. Tibialis anterior and Gastrocnemious 
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muscles were harvested, embedded in OCT compound (Sakura Finetek), frozen in 
freezing isopentane, and cryosectioned. Immunofluorescence staining was 
performed on cryosection of 10 μm in thickness; sections were permeabilized by 
incubation with 0.3% Triton (Sigma-Aldrich) and 2% goat serum (Invitrogen) in PBS 
for 1 hour at room temperature. The following primary antibodies and dilutions 
were used: rat monoclonal anti-mouse PECAM-1 (BD Pharmingen) at 1:100; mouse 
monoclonal anti-mouse -SMA (MP Biomedicals) at 1:400; rabbit polyclonal anti-
NG2 (Millipore) at 1:200; rat monoclonal anti-CD11b (Abcam) at 1:100; rabbit 
polyclonal anti-NP-1 (Abcam) at 1:50; rabbit polyclonal anti-p-SMAD2/3 (Santa 
Cruz) at 1:100. Fluorescently labeled secondary antibodies (Molecular Probes, 
Invitrogen) were used at 1:200. Antibodies incubation was performed at room 
temperature for 1 hour.  
Immunohistochemistry 
Frozen sections prepared as previously described, were incubated with 
blocking solution, i.e. 1:20 goat serum in Tris buffer solution (TBS) for 10 minutes 
at room temperature. After three wash steps with TBS, primary polyclonal 
antibody rabbit anti Sema3A (Abcam) was used in a dilution 1:50 in TBS/1% BSA and 
incubated for 1 hour at room temperature. After rinsing, the immunobinding was 
detected with biotinylated secondary antibodies anti rabbit and using the 
appropriate Vectastain ABC kits. The red signal was developed with the Fast Red 
kit (Dako Cytomation) and sections counterstained by Haematoxylin. All images 





Vessel length density was quantified in whole mounts ears stained with 
Lycopersicon esculentum lectin. We analyzed 3-6 fields per ear (n=5) by tracing the 
total length of vessels in the acquired field (20x objective), and dividing it by the 
area of the fields. Vessel resistant fraction was calculated as ratio between VLD 
after TRAP treatment and VLD before TRAP treatment, where each VLD was 
previously normalized with the control one (calculated on muscles injected with 
saline solution). All images were acquired using Olympus BX61 microscope 
(Olympus, Volketswil, Switzerland), and analyzed with AnalySIS D software (Soft 
Imaging System). 
Vessel perfusion quantification was performed on sections of leg muscles 
derived from animals perfused with fluorescent lectin, prepared as previously 
described. After immunofluorescence co-staining the sections with antibodies 
against endothelium CD31, we traced vascular structures positive for lectin and 
CD31. The index of vessel perfusion was obtained by the ratio between lectin 
positive/CD31 positive vascular segments. 
Vessel coverage quantification was performed on sections of leg muscles, 
prepared as explained above and co-stained with fluorescently labeled antibodies 
against endothelium (CD31) and pericyte (NG2). Area positive for CD31 and NG2 
were calculated by ImageJ software, and the ratio between the two provided the 
degree of pericyte-coverage of the vessels (31). 
For both vessel perfusion and coverage, we analyzed from 3 to 5 fields 
from each of 3 analyzed legs per group (n = 3). All images were taken with a 40X 
objective on a Carl Zeiss LSM710 3-laser scanning confocal microscope (Carl Zeiss, 
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Feldbach, Switzerland), and analyses were conducted with Cell Sense software 
(Olympus, Volketswil, Switzerland). 
 FACS sorting based ex-vivo cell isolation 
Twenty skeletal muscles of CB17 SCID mice, including Tibialis anterior and 
Gastrocnemius, were injected with a specific VEGF-expressing myoblast clone and 
harvested at 7 days post injection. Muscles injected with the same myoblast clone 
were pooled together and treated as individual sample. Tissues were minced with 
scalpels into small pieces and digested with a final concentration of 0.2 mg/mL 
DNase (Sigma-Aldrich), 484 U/mL Collagenase type IV (Worthington), 0.5 mg/mL 
Collagenase I (Sigma-Aldrich), and 0.5 mg/mL Collagenase II (Sigma-Aldrich) in a 
30 mL volume of DMEM low glucose (Sigma-Aldrich) into 50 mL standard 
polypropylene conicals, for 45 minutes at 37°C under constant shaking. Every 15 
minutes cell suspensions were pipetted in order to fracture clumps. To eliminate 
connective tissue and fibers, samples were filtered through 100 and 70 µm nylon 
cell strainers (BD Falcon). Digested tissues were centrifuged for 5 minutes at 300 
g and the pellet washed twice with a 20 mL volume of cold PBS. Finally collected 
cells were resuspended in 5 mL volume of FACS buffer (PBS supplemented with 1% 
EDTA and 0.5% fetal calf serum), counted, and stained with fluorescently labeled 
antibodies: PE anti-mouse CD31 (BioLegend) at 1:20; PE Cy7 anti-mouse CD11b (BD 
Pharmigen) at 1:20; antibody incubation was performed at 4°C for 30 minutes. 
Samples were washed twice with FACS buffer and resuspended in FACS buffer. 
The isolation of CD31+ and CD11b+ cell subsets was performed using a BD Influx cell 
sorter (Becton, Dickinson and Company). Single colour controls were prepared for 
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setting the software compensation and propidium iodide was used to stain 
samples immediately before sorting in order to gate and purify alive cells. 
In vitro assay with MAECs 
Mouse aortic endothelial cells (MAEC) were provided by collaborators and 
cultured in DMEM high glucose (Sigma-Aldrich) supplemented with 10% FBS 
(HyClone), 1 mM sodium pyruvate (Gibco, Invitrogen), 0.1 mM MEM Non Essential 
Amino Acids (Gibco, Invitrogen), 2mM glutamine (Gibco, Invitrogen), 100 U/ml 
penicillin and 100 μg/ml streptomycin (Gibco, Invitrogen). We seeded 1x105 
cells/well into 24-well cell culture plates and cultured them to confluency.  Cells 
were stimulated with mouse VEGF-A164 or human TGF-β1 (R&D System) at 
different concentrations (0 ng/mL, 1 ng/mL, 2.5 ng/mL, 10 ng/mL, and 20 ng/mL) in 
DMEM with 0.5% FBS, at 37°C.  MAEC were collected after 24 hours post 
stimulation. RNA extraction, reverse-transcription into cDNA, and qRT-PCR was 
performed as explained above. 
Quantitative Real-Time PCR 
For RNA extraction from the total tissue, muscle previously injected with 
transgenic myoblasts were freshly harvested and disrupted using a Qiagen Tissue 
Lyser (Qiagen) in 1 ml of PBS 1% Trizol (Invitrogen). RNA was extracted according 
to manufacturer’s instruction. RNA from mouse aortic endothelial cells (MAEC) 
and FACS sorted bone-marrow derived cells and endothelial cells was extracted 
with RNeasy Mini Kit (Qiagen). Total RNA from total muscles and MAECs was 
reverse transcribed into cDNA with the Omniscript Reverse Transcription kit 
(Qiagen) at 37 °C for 60 minutes; RNA from ex-vivo purified cell substes was 
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transcribed into cDNA with the Sensiscript RT Kit (Qiagen). Quantitative Real-Time 
PCR (qRT-PCR) was performed on an ABI 7300 Real-Time PCR system (Applied 
Biosystems). Expression of genes of interest was determined using commercial 
TaqMan gene expression assays (Applied Biosystems). The cycling parameters 
were: 50°C for 2 minutes, followed by 95°C for 10 minutes and 40 cycles of 
denaturation at 95°C for 15 seconds and annealing/extension at 60°C for 1 minute. 
Reactions were performed in triplicate for each template, averaged, and 
normalized to expression of the GAPDH housekeeping gene. 
Statistics 
Data are presented as mean ± standard error. The significance of 
differences was evaluated using analysis of variance (ANOVA) followed by the 
Bonferroni test (for multiple comparisons); p < 0.05 was considered statistically 
significant. 
Results 
Vascular stabilization is impaired by increasing VEGF doses 
To rigorously determine the role of VEGF dose on the vascular stabilization 
kinetics, we took advantage of a well-characterized pool of monoclonal 
populations of retrovirally transduced mouse myoblasts that express specific 
VEGF164 doses, thereby ensuring homogeneous microenvironmental levels (12, 26). 
We selected 3 clones expressing increasing VEGF levels in vitro, previously shown 
to induce either normal (low and medium) or aberrant angiogenesis (high): V 
Low=11.0±0.4 ng/106 cells/day, V Med=61.0±2.9 ng/106 cells/day, and V 
  
95 
High=133.2±9.7 ng/106 cells/day. Myoblast populations were implanted into the 
auricularis posterior (ear) muscle of adult SCID mice, which is amenable to whole-
mount analysis of 3D vascular networks (12). Vessel stabilization was determined 
by quantifying the vessel length density (VLD) after systemic treatment with 
VEGF-TrapR1R2 (Trap), a potent receptor-body blocker of VEGF signaling (30), or 
saline control. As expected, after 2 and 3 weeks both low and medium VEGF levels 
yielded a network of homogeneous capillaries (Fig. 1B, D, I, and K), whereas high 
VEGF levels led to aberrant bulbous structures (Fig. 1F and M). In areas remote 
from the site of myoblast implantation in saline-treated mice, the mean VLD of 
pre-existing muscle capillaries was 80±4.5 mm/mm2 and the VLD increase above 
this value represents the amount of newly induced vessels. Trap treatment 
showed that, after 2 weeks, 37±1.3% of the vessels induced by low VEGF were 
already VEGF-independent, whereas similarly normal vessels induced by medium 
VEGF regressed completely, as well the aberrant structures induced by high VEGF, 
reducing VLD to the same value as the pre-existing capillary networks in control 
areas (Fig. 1C, E, G, and O). By 3 weeks, the fraction of stabilized new vessels 
induce by low VEGF increased to 49±1.5%, while 33±14.5% became VEGF-
independent with medium VEGF levels (Fig. 1J, L, and P). Aberrant vascular 
structures induced by high VEGF were still completely sensitive to VEGF 
deprivation (Fig. 1N and P). Immunofluorescence staining on sections of leg 
skeletal muscles collected from animals implanted with the same clones and 
treated with saline or TRAP, confirmed the stabilization pattern observed by the 
lectin staining on the whole mount ears. In fact, by 2 weeks after cell 
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implantation, some vessels induced by low VEGF levels were already resistant to 
Trap treatment, while almost none of those induced by either V Med or V High  
 
Figure 1 Increasing VEGF doses impair vessel stabilization. Myoblasts expressing different VEGF levels were 
implanted in ear skeletal muscles. Blood vessels were visualized in whole-mount preparations after intravascular 
lectin perfusion (in brown) at 2 weeks (A-G) and 3 weeks (H-N). TRAP treatment was applied to abrogate VEGF 
signaling, whereas saline solution was provided to the control group. Implanted myoblasts were identified by X-
gal staining (blue). Scale bar= 100μm. Quantification of vascular length density (O, P) revealed that a fraction of 
capillaries induced by low VEGF levels become stable by 2 weeks post cell implantation, whereas normal and 
aberrant vessels induced by medium and high doses respectively, regressed completely (O). At 3 weeks post 
myoblast implantation, low and medium VEGF levels induced a similar amount of VEGF-independent normal 
vessels, instead, structures formed by high VEGF doses regressed (P). *P<0.05, **P<0.01, vs Ctrl (*). 
persisted (Fig. 2B-G). By 3 weeks after myoblast injection, some VEGF-
independent vascular structures were detectable in both V Low- and V Med-
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injected muscles, whereas all vessels induced by high VEGF levels still regressed 
(Fig. 2I-N). 
Therefore, these results show that increasing VEGF amounts, within the 
range that induces only normal angiogenesis, impair the stabilization of newly 
induced capillaries in a dose-dependent fashion. 
 
Figure 2 Impaired vascular stabilization rate by increasing VEGF doses does not correlate with pericyte 
coverage. Immunofluorescence staining of endothelium (CD31, in red), pericytes (NG2, in green), and smooth 
muscle cell (α-SMA, in cyan) on frozen sections of leg skeletal muscles of mice injected with VEGF-expressing 
myoblast clones, treated with or without TRAP, and sacrificed at 2 and 3 weeks after cell injection. All normal 
vessels induced by low and medium VEGF doses displayed a similar coverage by normal pericytes (B, D, I, and K). 
Instead, high VEGF-induced abnormal structures were covered with α-SMA-positive smooth muscle cells (F and 
M). A fraction of capillaries induced by low VEGF were already Trap-resistant by 2 weeks after myoblast 
implantation, but none of those induced by medium VEGF, despite similar pericyte coverage (C and E). By 3 
weeks, low and medium VEGF levels induced a similar amount of VEGF-independent normal vessels, while, 
structures produced by high VEGF doses regressed at both time-points (G, J, L, and N). Size bar= 25μm. 
  
98 
The stabilization rate does not correlate with differential pericyte 
coverage or vascular perfusion 
Both pericyte recruitment and establishment of functional flow have been 
shown to provide crucial signals for the stabilization of nascent vascular 
structures (13). Pericyte coverage of newly induced vessels was quantified 2 
weeks after implantation of the different clones in hind limb muscles by 
measuring their maturation index, i.e. the ratio of the NG2-positive/CD31-positive 
areas after immunofluorescence staining. As shown in Fig. 2 (B, D, I, and K), the 
normal capillaries induced by both low and medium VEGF levels were tightly 
associated with NG2+/-SMA- pericytes, with a similar maturation index (Ctrl: 
0.6±0.08, V Low 0.4±0.02, and V Med 0.4±0.06). As previously described (12), 
aberrant structures induced by high VEGF levels were covered by a smooth 
muscle coat rather than pericytes (Fig. 2F and M), and therefore their maturation 
index was not quantified. These observations indicated that the different 
stabilization kinetics of normal vessels induced by low and medium VEGF doses 
did not correlate with differential pericyte recruitment. 
 The establishment of functional blood flow in newly induced vascular 
structures was assessed by intravenous injection of FITC-labeled tomato lectin, 
which binds to the luminal endothelial surface of vessels only if they are perfused 
by the systemic circulation (24). As shown in Fig. 3 (A-L), both normal vessels and 
aberrant structures induced by all VEGF doses were stained by lectin and 
therefore functionally perfused. Further, the quantification of the ratio between 
lectin-positive and CD31-positive areas did not show any significant difference 
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among the groups (Fig. 3M). Very few non-perfused endothelial structures were 
visible in every condition with similar frequency. These results suggest that 
establishment of functional flow was not responsible for the different 
stabilization rates of vessels induced by increasing VEGF doses. 
 
Figure 3 Vessels induced by different VEGF doses are similarly perfused. Mice received intravenous injections of 
FITC-lectin 2 weeks after implantation of VEGF myoblast clones. Frozen sections were immunostained for the 
endothelial marker CD31 (red) and perfused structures were visualized by FITC-lectin (green) (A-L). Scale bar= 
25μm. No significant differences in perfusion were detectable either in the normal capillaries or aberrant 
structures induced by the different VEGF doses, as indicated by quantification of the perfusion index (lectin-
positive area/CD31-positive area) (M). 
  
100 
TGF-β1 and Sema3A are down-regulated in tissues exposed to increasing 
VEGF doses 
 To investigate the mechanism by which increasing VEGF doses induced 
similarly normal and pericyte-covered capillaries, but with distinct stabilization 
rates, we quantified the expression of the principal vascular maturation factors 
(PDGF-BB, Ang-1, TGF-β1, and Sema3A) in muscles injected with the 3 VEGF-
expressing clones or control myoblasts. As the differences in vascular stabilization 
were detected with VEGF-Trap treatment starting 10 days after cell implantation, 
gene expression was measured at day 7. As shown in Fig. 4A, PDGF-BB and Ang-1 
were moderately up-regulated in tissues exposed to low VEGF, but their 
expression patterns were substantially stable with increasing VEGF doses and did 
not correlate with the observed downward trend in stabilization rates. On the 
other hand, both Sema3A and TGF-β1 expression was robustly increased 4- to 5-
fold compared to control levels by low VEGF and significantly down-regulated by 
higher VEGF doses. Gene expression data were confirmed by immunostaining for 
Sema3A protein on tissue sections, which showed a clear and progressive 
reduction of Sema3A abundance down to control levels in the areas of active 
angiogenesis by increasing VEGF doses (Fig. 4B-I). Further, the different myoblast 
populations expressed low levels of Sema3A that were unrelated to the amount 
of VEGF, thereby excluding that the VEGF-expressing cells may be the source of 




Figure 4 TGF-β1 and Sema3A, but not PDGF-BB and Ang-1, are down-regulated by increasing VEGF doses. 
Muscles were harvested 7 days after implantation of V Low, V Med, V High clones, and control cells (Ctrl). 
Relative mRNA expression of PDGF-BB, Ang-1, TGF-β1, and Sema3A was quantified by RT-PCR and normalized to 
control muscles (A). *P<0.05, **P<0.01, V Low vs V High (*); §§§P< 0.001, V Low vs V Med (§); #P<0.05 V High vs V 
Med (#). Immunohistochemistry on frozen muscle section confirmed a decrease of Sema3A expression in the 
area of neovascularization by increasing VEGF doses (B-I). Scale bar= 50μm. 
 
Increasing VEGF doses impair endothelial Sema3A expression and NEM 
recruitment 
 Both VEGF and Sema3A are able to recruit a specific population of bone 
marrow-derived neuropilin1-expressing monocytes (NEM), which have been 
shown to have a vascular stabilization function by secreting maturation factors 
such as PDGF-BB and TGF-β1 (19). NEMs were previously shown to co-express both 
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NP-1 and the monocyte marker CD11b (19), and immunostaining confirmed that all 
CD11b+ cells recruited to muscle implanted with VEGF-expressing clones were also 
positive for NP-1 (Fig. S2). Since NP-1 is also expressed on endothelium, for clarity 
in subsequent experiments NEMs were identified only by CD11b staining, as 
previously described (19). One week after implantation of VEGF-expressing 
myoblasts, increased numbers of CD11b+ cells were recruited to the areas of active 
angiogenesis compared to controls. However, their frequency was clearly and 
progressively reduced in the presence of increasing VEGF doses (Fig. 5A-L). NEM 
frequency was quantified on histological sections and normalized to the amount 
of angiogenesis in the different conditions (CD11b+ cells/cm of vessel length), 
showing that increasing VEGF levels impaired NEM recruitment in a dose-
dependent fashion (Fig. 5M). In order to analyze cell-specific changes in gene 
expression, CD31+ endothelial cells and CD11b+ NEM were isolated ex-vivo by FACS 
sorting from muscles implanted with the different clones (Fig. 5N). Flow 
cytometry quantification confirmed the VEGF dose-dependent impairment in NEM 
recruitment (Fig. 5N). As shown in Fig. 5O, endothelial cells isolated from tissues 
exposed to increasing VEGF levels significantly down-regulated Sema3A 
expression by 5-fold in a gradual and VEGF dose-dependent fashion, similarly to 
the results obtained from whole-tissue analyses in Fig. 4A. On the other hand, 
neither PDGF-BB nor TGF-β1 expression in isolated endothelial cells was regulated 
by VEGF dose. CD11b+ isolated from tissues implanted with the different VEGF-
expressing clones expressed similar levels of both NP-1 and TGF-β1 (Fig. 5P). 
Furthermore, NEM expressed 2- to 3-fold more TGF-β1 than endothelial cells 




Figure 5 Increasing VEGF doses inhibit NEM recruitment and Sema3A expression in endothelial cells. 
Immunofluorescence staining of endothelial cells (CD31, in red) and NEMs (CD11b, in green) on cryosections 
from skeletal muscles 1 week after injection with VEGF-expressing myoblast clones (A-L). Quantification of 
NEMs/cm of vessel length indicated a reduction of CD11b+ cells recruited to the sites of new angiogenesis by 
increasing VEGF doses (M). Scale bar= 100μm. ***P<0.001, V Low vs V High (*); §P<0.05, V Med vs V High (§). 
Muscles injected with the same myoblast clones were digested to purify endothelial cells (CD31+) and NEMs 
(CD11b+) by FACS sorting (N). RT-PCR analysis revealed that Sema3A is expressed by endothelial cells and down-
regulated by increasing VEGF levels, whereas PDGF-BB and TGF-β1 were similarly expressed. On the other hand, 
expression of TGF-β1 and NP-1 by CD11b+ cells did not show any differences among the three groups. Relative 
expression was normalized to V High group (O-P). *P<0.05, V Low vs V High (*). 
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show that increasing VEGF doses specifically impaired endothelial expression of 
Sema3A and NEM recruitment, but did not regulate TGF-β1 expression by either 
endothelium or NEM, causing a reduction in total TGF-β1 indirectly through 
inhibition of NEM recruitment. 
 
Increasing VEGF doses inhibit the TGF-β1 pathway activity in the 
endothelium of newly induced vessels 
 TGF-β1 can promote both endothelial activation and maturation/stabilization 
by activating distinct intracellular signaling pathways through the phosphorylation of 
the SMAD1/5 and SMAD2/3 complexes, respectively (32). Therefore, we sought to 
determine whether TGF-β signaling was differentially activated in tissues exposed 
to increasing VEGF doses and which downstream pathway was preferentially 
stimulated. As shown in Fig. 6A, the expression of Id-1, which is induced by the 
SMAD1/5 pathway and not by SMAD2/3, was moderately increased 1 week after 
implantation of the different VEGF-expressing clones, but did not change in 
relation to the different VEGF doses. Conversely, the expression of PAI-1, which is 
induced by the SMAD2/3 pathway and not by SMAD1/5, was robustly increased 
about 10-fold in tissues exposed to low VEGF levels compared to controls, but this 
up-regulation was completely abolished by higher VEGF doses. 
Immunofluorescence staining confirmed that SMAD2/3 was phosphorylated and 
translocated in the endothelial nuclei of newly induced vessels 1 week after 
stimulation with low VEGF, but not with high VEGF (Fig. 6B-I). Therefore, the VEGF 
dose-dependent down-regulation of TGF-β1 expression resulted in the specific 
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inhibition of the SMAD2/3 pathway, which mediates endothelial maturation and 
stabilization, in newly induced vascular structures. 
 
Figura 6 Increasing VEGF doses inhibit TGF-β1 pathway activity in the endothelium of newly induced vessels. 
RT-PCR analysis on total muscles indicated that PAI-1 expression, which is specifically induced by activated 
SMAD2/3, was inhibited by increasing VEGF levels. Conversely, Id-1 expression, which is specifically induced by 
activated SMAD1/5, was not differentially regulated in the presence of different VEGF levels (A). *P<0.05, V Low 
vs V High (*), §P<0.05, V Low vs V Med (§). Immunofluorescence staining of endothelium (CD31, in red) and p-
SMAD2/3 (cyan) on cryosections from skeletal muscles 1 week after injection with VEGF-expressing myoblast 
clones revealed that the TGF-β1 pathway activity in endothelial cells was inhibited by increasing VEGF doses (B-I). 




VEGF directly inhibits endothelial Sema3A expression and TGF-β1 
stimulates it 
 In order to determine whether VEGF regulated Sema3A expression by 
endothelial cells directly or indirectly, we performed in vitro assays using mouse 
aortic endothelial cells (MAEC). MAECs were stimulated with increasing VEGF 
doses for 24 hours before RNA extraction and gene 
expression analysis. Sema3A expression was 
directly down-regulated by increasing VEGF doses, 
consistently with the results obtained both in total 
muscles and ex-vivo purified endothelial cells (Fig. 
7A). On the other hand, different VEGF doses did 
not induce any change in TGF-β1 expression, again 
consistently with the results obtained in ex-vivo 
isolated endothelial cells (Fig. 7B). Interestingly, 
the stimulation of MAECs with increasing TGF-β1 
doses resulted in an up-regulation of Sema3A 
expression (Fig. 7C), consistently with the results 
obtained in vivo, showing that Sema3A expression 
was increased in conditions of high TGF-β1 activity. 
Figura 7 In vitro Sema3A expression in endothelial cells is inhibited by 
VEGF and stimulated by TGF-β1. Mouse aortic endothelial cells were 
stimulated with increasing doses of VEGF or TGF-β1 for 24 hours. 
Sema3A expression was quantified by RT-PCR and normalized to non-
stimulated cells. VEGF inhibited Sema3A expression, but did not alter 
TGF-β1 expression (A-B), whereas TGF-β1 up-regulated Sema3A 




Taking advantage of the same highly controlled myoblast-mediated gene 
delivery platform employed here, we previously found that, while uncontrolled 
VEGF expression causes the growth of angioma-like vascular tumors, a wide range 
of doses below a threshold level induce only normal and functional angiogenesis 
(12, 24). Here we found that increasing VEGF doses, within the range that induces 
only normal angiogenesis, actually impair the stabilization of newly induced 
vessels, without affecting pericyte recruitment, but rather by directly inhibiting 
endothelial expression of Sema3A and the NEM/TGF-β1 axis. Taken together, our 
in vivo and in vitro results suggest a model for the regulation of vascular 
stabilization by low to moderate VEGF doses, which lie in the therapeutic range, 
cause the growth only of normal microvascular networks and do not interfere 
with pericyte recruitment (Fig. 8): 1) in the presence of low VEGF levels, activated 
endothelial cells express Sema3A, which recruits large numbers of NEM that in 
turn lead to high levels of TGF-β1 in the tissue. TGF-β1 not only activates SMAD2/3 
signaling in endothelial cells, known to induce quiescence and vessel stabilization, 
but also stimulates them to express further Sema3A, thereby providing a positive 
feedback loop to maintain the stabilizing signals. On the other hand, higher levels 
of VEGF directly inhibit endothelial expression of Sema3A and lead to the reversal 
of the above-described events, resulting in delayed stabilization of the newly 
induced vessels. 
It has been shown that VEGF can negatively regulate pericyte function by 
inhibiting PDGFR-β phosphorylation through the formation of a non-functional 
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VEGFR2/PDGFR-β heterodimer (33). Therefore, increasing VEGF doses might 
interfere with endogenous PDGF-BB signaling and prevent pericyte recruitment. 
This provides a likely mechanism for the switch between normal and aberrant 
angiogenesis induced by very high VEGF levels, which is in fact characterized by a 
loss of physiological pericyte cover in the initial stages of vascular induction (34). 
Further, we recently found that this transition is not a fixed property of VEGF 
dose, but depends on the balance between VEGF and PDGF-BB signaling in vivo 
(35). However, it is unlikely that the competition between VEGF and PDGF-BB for 
PDGFR-β may explain the negative effect of increasing VEGF doses on vascular 
stabilization. In fact, such a mechanism would regulate stabilization through 
differential pericyte recruitment, whereas all normal capillaries induced by both 
low and medium VEGF doses showed no differences in either quantity or quality 
of pericyte recruitment. 
The role of pericytes in protecting from vascular regression is complex. 
Studies on vascular regression in the retina, under hyperoxia conditions, and in 
tumors, after VEGF withdrawal, demonstrated a protecting role by pericytes 
against regression (36, 37). However, in retina and tumors, vessel regression has 
been described also for pericyte-covered vessels (38, 39). Our data showed that all 
normal capillaries induced by low and medium VEGF levels were similarly covered 
by pericytes by 2 weeks, but stabilization was still incomplete and further 
increased by 3 weeks. Therefore, pericyte recruitment is necessary, but complete 
stabilization requires further steps that are independent of pericytes and can be 
modulated by VEGF dose. 
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Sema3A has been recently described to antagonize VEGF165 activity in the 
endothelium through the shared receptor NP-1, thereby limiting vessel growth 
(20, 40, 41). Furthermore, Sema3A has also been shown to be a powerful 
attractant of circulating myeloid cells named NEM, which prompt vessel 
stabilization by secreting maturation factors like TGF-β1 (19). In agreement with 
this, we found that Sema3A down-regulation in skeletal muscles and ex-vivo 
purified endothelial cells by increasing VEGF doses correlated with reduced NEM 
recruitment to the area of newly induced angiogenesis. Despite the fact that also 
VEGF has been described to attract NEM by binding NP-1 (18, 19), we found that 
tissue-recruited NEM were severely reduced in the presence of very high VEGF 
levels. A likely explanation is provided by previous observations suggesting that 
Sema3A is more effective than VEGF in recruiting NEM (19), whereby the loss of 
Sema3A signaling caused by high VEGF doses cannot be compensated by the 
increase in VEGF expression itself. This is supported by the fact that monocytes 
also express VEGFR1, which can prevent NP-1 binding to VEGF165 and therefore 
negatively regulate VEGF signaling activity via NP-1 (42, 43). 
TGF-β1 expression by ex-vivo purified NEM was independent of VEGF dose, 
suggesting that the amount of factor in tissue is a function exclusively of the 
number of recruited NEM.  
TGF-β1 is a pleiotropic factor and can either stimulate endothelial activation 
or promote maturation/stabilization, contributing to the establishment of 
basement membrane around new vessels and favoring endothelial cell quiescence 
(44), by activating distinct intracellular signaling pathways through the 
phosphorylation of the SMAD1/5 and SMAD2/3 complexes, respectively (32). Our 
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data show that in the setting of VEGF over-expression in skeletal muscle TGF-β1 
had a stabilizing function. In fact, the observed changes in its expression 
correlated with corresponding changes in SMAD2/3 phosphorylation in 
endothelial cells and in expression of the SMAD2/3-specific downstream gene PAI-
1, but not of Id-1, which is instead specifically regulated by the SMAD1/5 pathway. 
Even though pericyte coverage was not affected by increasing VEGF doses, it is 
possible that changes in pericyte expression of TGF-β1 or other factors, directly or 
indirectly caused by VEGF, may contribute to the observed differences in vascular 
stabilization kinetics. Further investigations on ex-vivo purified pericytes isolated 
from the different conditions will provide valuable data. 
In conclusion, our results show that VEGF dose impairs vessel stabilization 
by directly inhibiting Sema3A/NEM/TGF-β1 signaling. This finding has implications 
for the design of safe and effective approaches for therapeutic angiogenesis. In 
fact, we have previously found that VEGF doses within the range inducing only 
normal angiogenesis are not therapeutically equivalent (24). In particular, the 
lower doses, which we found here to allow the fastest stabilization, are not 
effective to restore blood flow in ischemia, due to the excessively small size of the 
induced vessels, and functional improvement requires higher doses, which induce 
larger vessels, but also inhibit Sema3A expression and delay stabilization. 
Therefore, these results suggest that delivery of controlled doses of VEGF will not 
be able to achieve both therapeutic angiogenesis and an accelerated stabilization. 
However, based on our findings, co-delivery of Sema3A would be expected to 
significantly accelerate stabilization of micro-vascular networks induced by 
therapeutic doses of VEGF, thereby enabling short-term and safer therapeutic 
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Figura 8 Working model of the mechanisms by which VEGF dose regulates vascular stabilization. In the presence 
of low VEGF levels, Sema3A produced by endothelial cells recruits NEM that home to the area of new 
angiogenesis and express TGF-β1. TGF-β1 on one hand activates the SMAD2/3 pathway to promote vascular 
stabilization and on the other stimulates Sema3A expression by endothelial cells, thereby maintaining a pro-
stabilization positive feedback loop. However, high levels of VEGF directly inhibit Sema3A expression by 





Suppl. Figure 1 Figure 1. VEGF expressing myoblasts do not express significantly different levels of Sema3A. 
Sema3A gene expression analysis was performed on V Low, V Med, V High, and Ctrl myoblasts cultured in vitro. 





Suppl. Figure 2 Mononuclear cells expressing both CD11b and NP-1 are recruited to the sites of VEGF-induced 
neovascularization. Immunofluorescence staining for CD11b (red) and NP-1 (green) on cryosections from skeletal 
muscles 1 week after injection of VEGF-expressing myoblast clones. All CD11b-positive cells also expressed NP-1. 
Nuclei positive for NP-1 but not for CD11b marker belong to endothelial cells. Scale bar= 20μm. 
 
Suppl. Figure 3 Ex-vivo purified NEMs express higher levels of TGF-β1 than endothelial cells. TGF-β1 gene 
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Summary	
  and	
  Future	
  Prospective	
  
VEGF	
  is	
  the	
  master	
  regulator	
  of	
  angiogenesis	
  and	
  is	
  the	
  most	
  investigated	
  factor	
  
in	
  therapeutic	
  angiogenesis	
  approaches	
  to	
  induce	
  the	
  growth	
  of	
  new	
  vessels	
  that	
  
could	
   restore	
   oxygen	
   and	
   nutrients	
   supply	
   in	
   tissues	
   affected	
   by	
   ischemia,	
   for	
  
example	
   in	
   peripheral	
   or	
   coronary	
   artery	
   diseases	
   (1).	
   Several	
   VEGF-­‐based	
  
therapies	
  have	
  been	
  tested	
  in	
  clinical	
  trials,	
  but,	
  despite	
  a	
  good	
  safety	
  profile,	
  they	
  
could	
  not	
  prove	
  therapeutic	
  efficacy	
  (2).	
  Retrospective	
  analyses	
  in	
  light	
  of	
  current	
  
knowledge	
   of	
   VEGF	
   biology	
   have	
   identified	
   several	
   issues	
   with	
   the	
   VEGF	
   gene	
  
delivery	
  approaches	
  used	
  in	
  those	
  trials	
  (3),	
  among	
  which	
  the	
  dose	
  and	
  duration	
  
of	
  expression	
  are	
  key	
  parameters	
  that	
  define	
  the	
  narrow	
  therapeutic	
  window	
  of	
  
VEGF	
  (4).	
  
Therefore,	
  here	
  we	
  sought	
  to	
  investigate	
  the	
  cellular	
  and	
  molecular	
  mechanisms	
  
regulating	
   the	
   switch	
   between	
   normal	
   and	
   aberrant	
   angiogenesis	
   and	
   the	
  
achievement	
  of	
  vascular	
  stabilization	
  in	
  the	
  presence	
  of	
  increasing	
  VEGF	
  doses,	
  in	
  
order	
  to	
  identify	
  novel	
  and	
  potentially	
  more	
  specific	
  molecular	
  targets	
  to	
  improve	
  
both	
   the	
   safety	
   and	
   the	
   efficacy	
   of	
   VEGF-­‐based	
   strategies	
   for	
   therapeutic	
  
angiogenesis	
  (4).	
  For	
  this	
  purpose	
  we	
  took	
  advantage	
  of	
  a	
  highly	
  controlled	
  gene	
  
delivery	
   platform	
   previously	
   developed	
   by	
   our	
   group,	
   based	
   on	
   monoclonal	
  
populations	
  of	
  transduced	
  myoblasts	
  that	
  express	
  specific	
  VEGF164	
  doses,	
  thereby	
  
ensuring	
  homogeneous	
  microenvironmental	
  levels	
  in	
  skeletal	
  muscle	
  (5-­‐7).	
  
The	
   first	
   part	
   of	
   this	
   thesis	
   aimed	
   at	
   identifying	
   the	
   pericyte-­‐derived	
   signaling	
  
pathways	
  that	
  determine	
  the	
  transition	
  from	
  normal	
  to	
  aberrant	
  angiogenesis	
  by	
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increasing	
  VEFG	
  doses.	
  In	
  particular,	
  we	
  investigated	
  the	
  TGF-­‐β1/TGFβR,	
  Ang-­‐1/Tie2,	
  
and	
  EphrinB2/EphB4	
  signaling	
  pathways,	
  which	
  were	
  previously	
  found	
  to	
  have	
  key	
  
functions	
   in	
   the	
  mural	
   cell-­‐endothelial	
   cell	
   crosstalk	
   during	
   both	
   embryonic	
   and	
  
adult	
   angiogenesis	
   (8).	
   Each	
   of	
   these	
   pathways	
   was	
   inhibited	
   in	
   vivo	
   by	
   co-­‐
expressing	
   a	
   soluble	
   blocker	
   together	
   with	
   a	
   low	
   VEGF	
   dose	
   that	
   induces	
   only	
  
normal	
  angiogenesis	
  when	
  delivered	
  alone.	
  While	
  neither	
  TGF-­‐β1/TGFβR	
  nor	
  Ang-­‐
1/Tie2	
  blockade	
  affected	
  normal	
  vascular	
  growth	
  induced	
  by	
  low	
  VEGF	
  levels,	
  loss	
  
and	
   gain	
   of	
   function	
   experiments	
   revealed	
   EphrinB2/EphB4	
   to	
   be	
   a	
   crucial	
  
pathway	
   in	
  determining	
  whether	
  VEGF	
   induces	
  normal	
  or	
  aberrant	
  angiogenesis	
  
in	
  skeletal	
  muscle.	
  In	
  fact,	
  inhibition	
  of	
  this	
  pathway	
  led	
  to	
  a	
  switch	
  from	
  normal	
  
pericyte-­‐coated	
   vessels	
   to	
   aberrant	
   smooth	
   muscle-­‐covered	
   angioma-­‐like	
  
structures,	
   despite	
   expression	
   of	
   a	
   low	
   VEGF	
   dose.	
   EphrinB2/EphB4	
   inhibition	
  
affected	
  VEGF-­‐induced	
  angiogenesis	
  during	
  the	
  remodeling	
  phase,	
  i.e.	
  between	
  4	
  
and	
   7	
   days	
   after	
   cell	
   implantation,	
  when	
   it	
   caused	
   an	
   increase	
   in	
   the	
   degree	
   of	
  
vascular	
  enlargement	
  and	
  the	
  loss	
  of	
  NG2-­‐positive	
  pericytes,	
  replaced	
  by	
  NG2-­‐	
  and	
  
α-­‐SMA-­‐double	
  positive	
  mural	
  cells.	
  Conversely,	
  the	
  stimulation	
  of	
  EphB4	
  signaling	
  
with	
   a	
   recombinant	
   EphrinB2-­‐Fc	
   fusion	
   protein	
   caused	
   the	
   reverse	
   switch	
   from	
  
aberrant	
   to	
   normal	
   angiogenesis	
   despite	
   expression	
   of	
   high	
   VEGF	
   levels,	
   re-­‐
establishing	
   a	
   well-­‐organized	
   network	
   of	
   normal	
   capillaries	
   with	
   physiological	
  
pericyte	
  coverage.	
  Current	
  experiments	
  aim	
  to	
  define	
  which	
  cellular	
  processes	
  are	
  
affected	
  by	
  modulating	
  EphrinB2/EphB4	
  signaling	
   in	
  VEGF-­‐induced	
  angiogenesis,	
  
such	
  as	
  cell	
  proliferation,	
  adhesion,	
  and	
  motility.	
  
These	
   findings	
   suggest	
   that	
   EphrinB2	
   may	
   be	
   exploited	
   to	
   normalize	
   aberrant	
  
angiogenesis	
   to	
   overcome	
   the	
   issues	
   of	
   uncontrolled	
   VEGF	
   expression	
   in	
   a	
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therapeutically	
   relevant	
   gene	
   therapy	
   approach.	
   For	
   example,	
   adeno-­‐associated	
  
viral	
   (AAV)	
   vectors	
   provide	
   several	
   attractive	
   features	
   for	
   a	
   clinical	
   application,	
  
such	
  as	
  low	
  immunogenicity,	
  high	
  efficiency	
  of	
  transduction	
  and	
  long	
  duration	
  of	
  
expression	
  (9).	
  Nevertheless,	
  several	
  studies	
  have	
  shown	
  that	
  also	
  VEGF	
  delivery	
  
by	
  AAV	
  has	
  the	
  potential	
  to	
   induce	
  aberrant	
  vascular	
  structures	
  due	
  to	
  the	
  long-­‐
term	
   uncontrolled	
   expression	
   (10).	
   Therefore,	
   an	
   EphrinB2-­‐based	
   combined	
  
therapy	
   to	
   prompt	
   normalization	
   of	
   VEGF-­‐induced	
   aberrant	
   angiogenesis	
  would	
  
benefit	
  the	
  development	
  of	
  safer	
  therapeutic	
  strategies	
  with	
  AAV	
  gene	
  delivery,	
  
i.e.	
   with	
   a	
   bicistronic	
   AAV	
   that	
   co-­‐express	
   VEGF	
   and	
   EphrinB2.	
   However,	
  
monomeric	
  soluble	
  EphrinB2	
   is	
  actually	
  an	
   inhibitor	
  of	
  the	
  EphB4	
  receptor,	
  since	
  
in	
   order	
   to	
   activate	
   the	
   signaling	
   an	
   oligomerization	
   of	
   the	
   ligand/receptor	
  
complex	
  is	
  required,	
  which	
  physiologically	
  takes	
  place	
  thanks	
  to	
  the	
  fact	
  that	
  both	
  
ligand	
  and	
  receptor	
  are	
  cell	
  membrane	
  bound	
  (11).	
  In	
  order	
  to	
  generate	
  a	
  soluble	
  
version	
  of	
   the	
  EphrinB2	
   ligand	
   that	
   could	
  be	
   secreted	
  after	
   in	
   vivo	
  delivery	
  of	
   a	
  
viral	
   vector,	
   but	
   that	
   at	
   the	
   same	
   time	
  would	
   retain	
   the	
   physiological	
   ability	
   to	
  
oligomerize,	
   we	
   are	
   currently	
   developing	
   an	
   engineered	
   version	
   of	
   the	
   soluble	
  
truncated	
  extracellular	
  portion	
  of	
  EphrinB2	
  fused	
  to	
  a	
  chimeric	
  immunoglobulin	
  Fc	
  
portion	
  comprising	
   the	
   18	
  aa	
   tail-­‐piece	
  of	
  human	
   IgM	
  Fc	
  attached	
  to	
   the	
  human	
  
IgG1	
   Fc.	
   This	
   engineered	
   IgM-­‐IgG	
   Fc	
   molecule	
   exploits	
   the	
   property	
   of	
   IgM	
  
immunoglobulins	
  to	
  physiologically	
  assemble	
  into	
  pentamers	
  and	
  has	
  been	
  shown	
  
to	
   spontaneously	
   create	
   hexameric	
   complexes	
   (12).	
   We	
   will	
   therefore	
   test	
   the	
  
hypothesis	
   that	
   a	
   spontaneously	
  multimerizing	
   version	
   of	
   soluble	
   EphrinB2	
   can	
  
ensure	
  homogeneously	
  normal	
  angiogenesis	
  despite	
  uncontrolled	
  levels	
  of	
  VEGF	
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over-­‐expression	
  when	
  co-­‐delivered	
  with	
  a	
  clinically	
  relevant	
  AAV	
  vector	
  in	
  skeletal	
  
muscle.	
  
The	
   experiments	
   described	
   in	
   this	
   part	
   of	
   the	
   thesis	
   were	
   based	
   on	
   educated	
  
guesses	
   investigating	
   pathways	
   previously	
   found	
   to	
   have	
   a	
   role	
   in	
   vascular	
  
maturation.	
   In	
   order	
   to	
   have	
   a	
   complete	
   understanding	
   of	
   the	
   molecular	
  
pathways	
   underlying	
   the	
   transition	
   from	
   normal	
   to	
   aberrant	
   angiogenesis	
   by	
  
increasing	
  VEGF	
   levels,	
  we	
  have	
  planned	
   to	
  perform	
  an	
  unbiased	
   transcriptomic	
  
analysis	
   on	
   FACS-­‐purified	
   endothelial	
   cells	
   (CD31+)	
   and	
   pericytes	
   (NG2+)	
   derived	
  
from	
   skeletal	
   muscles	
   injected	
   with	
   VEGF-­‐expressing	
   myoblasts.	
   Cells	
   will	
   be	
  
isolated	
  4	
  and	
  7	
  days	
  after	
   implantation	
  of	
   clones	
  expressing	
  either	
   low	
  or	
  high	
  
VEGF	
  doses,	
  since	
  we	
  have	
  previously	
   found	
  that	
   the	
   initial	
  vascular	
   response	
   in	
  
both	
   conditions	
   is	
   a	
   circumferential	
   enlargement	
   by	
   4	
   days,	
   followed	
   by	
  
differential	
  remodeling	
  to	
  either	
  normal	
  or	
  aberrant	
  vascular	
  structures	
  by	
  7	
  days	
  
(7).	
  Next	
  generation	
  RNA	
  sequencing	
  of	
  the	
  mRNA	
  and	
  miRNA	
  transcriptome	
  and	
  
state-­‐of-­‐the-­‐art	
   bioinformatics	
   analysis	
   in	
   collaboration	
  with	
   Hoffman-­‐La	
   Roche,	
  
using	
   pathway,	
   miRNA	
   and	
   transcription	
   factor	
   enrichment	
   analyses,	
   are	
  
expected	
  to	
   identify	
  regulatory	
  networks	
  that	
  are	
  differentially	
  regulated	
  during	
  
the	
  switch	
  from	
  normal	
  to	
  aberrant	
  angiogenesis	
  by	
  increasing	
  VEGF	
  doses.	
  
In	
  the	
  second	
  part	
  of	
  this	
  thesis,	
  we	
  investigated	
  whether	
  VEGF	
  dose	
  also	
  controls	
  
vessel	
   stabilization,	
   independently	
   from	
   vascular	
  morphogenesis,	
   i.e.	
   the	
   switch	
  
between	
  normal	
  capillary	
  networks	
  and	
  aberrant	
  angioma-­‐like	
  structures.	
  Taking	
  
advantage	
   of	
   clonal	
   myoblast	
   populations	
   expressing	
   specific	
   VEGF	
   doses	
   that	
  
induce	
   either	
   normal	
   (low	
   and	
   medium	
   VEGF)	
   or	
   aberrant	
   angiogenesis	
   high	
  
VEGF)	
  (5),	
  we	
  found	
  that	
   increasing	
  VEGF	
   levels	
   impair	
  vascular	
  stabilization	
   in	
  a	
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dose-­‐dependent	
   fashion.	
   In	
   particular,	
   normal	
   vessels	
   generated	
   by	
   low	
   and	
  
medium	
   VEGF	
   levels	
   displayed	
   similar	
   morphology,	
   pericyte	
   coverage	
   and	
  
functional	
  blood	
  flow,	
  but	
  stabilized	
  faster	
  the	
  lower	
  the	
  VEGF	
  dose.	
  Further,	
  we	
  
found	
  that	
  VEGF	
   impairs	
  vascular	
  stabilization	
  by	
  directly	
   inhibits	
  the	
  endothelial	
  
Sema3A/NEM/TGF-­‐β1	
   paracrine	
   axis,	
   according	
   to	
   the	
   following	
  model:	
   1)	
   in	
   the	
  
presence	
  of	
   low	
  VEGF	
   levels,	
   activated	
  endothelial	
   cells	
   express	
   Sema3A,	
  which	
  
recruits	
   large	
  numbers	
  of	
  circulating	
  Neuropilin-­‐expressing	
  Monocytes	
  (NEM)	
  by	
  
binding	
   the	
   receptor	
   neuropilin-­‐1	
   (NP-­‐1).	
  NEM	
   in	
   turn	
   express	
   TGF-­‐β1,	
  which	
  not	
  
only	
   induces	
   endothelial	
   quiescence	
   and	
   vessel	
   stabilization	
   by	
   activating	
  
SMAD2/3	
  signaling	
  in	
  endothelial	
  cells,	
  but	
  also	
  stimulates	
  them	
  to	
  express	
  further	
  
Sema3A,	
   thereby	
   providing	
   a	
   positive	
   feedback	
   loop	
   to	
  maintain	
   the	
   stabilizing	
  
signals.	
   On	
   the	
   other	
   hand,	
   higher	
   levels	
   of	
   VEGF	
   directly	
   inhibit	
   endothelial	
  
expression	
   of	
   Sema3A	
   and	
   lead	
   to	
   the	
   reversal	
   of	
   the	
   above-­‐described	
   events,	
  
resulting	
  in	
  delayed	
  stabilization	
  of	
  the	
  newly	
  induced	
  vessels.	
  
As	
   an	
   immediate	
   extension	
   of	
   these	
   data,	
   it	
   would	
   be	
   interesting	
   to	
   test	
   the	
  
potential	
   of	
   Sema3A	
   overexpression	
   to	
   also	
   normalize	
   VEGF-­‐induced	
   aberrant	
  
angiogenesis.	
   In	
   fact,	
   recent	
   data	
   show	
   that	
   Sema3A	
   may	
   normalize	
   tumor	
  
vasculature,	
   leading	
   to	
   improved	
   perfusion	
   and	
   greater	
   efficacy	
   of	
   anti-­‐tumor	
  
treatments	
  (13,	
  14).	
  Furthermore,	
  NEM	
  recruited	
  by	
  Sema3A	
  are	
  also	
  a	
  rich	
  source	
  
PDGF-­‐BB	
  (13).	
  While	
   the	
  data	
  described	
  above	
  show	
  that	
  pericyte	
   recruitment	
   is	
  
not	
   involved	
   in	
   the	
   impairment	
   of	
   stabilization	
   by	
   increasing	
   VEGF	
   doses	
   in	
   the	
  
low	
   to	
  moderate	
   range,	
  we	
   have	
   previously	
   found	
   that	
   the	
   transition	
   between	
  
normal	
  and	
  aberrant	
  angiogenesis	
  at	
  high	
  VEGF	
  levels	
  is	
  critically	
  regulated	
  by	
  the	
  
balance	
   between	
   VEGF	
   and	
   PDGF-­‐BB	
   signaling,	
   as	
   shown	
   by	
   the	
   induction	
   of	
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homogeneously	
   normal	
   angiogenesis	
   by	
   co-­‐delivery	
   of	
   VEGF	
   and	
   PDGF-­‐BB	
   at	
  
balanced	
  levels	
  from	
  a	
  single	
  bicistronic	
  construct,	
  despite	
  uncontrolled	
  and	
  high	
  
VEGF	
   expression	
   (15,	
   16).	
   Therefore,	
   it	
  will	
   be	
   interesting	
   to	
   test	
   the	
   hypothesis	
  
that	
   Sema3A	
   co-­‐expression	
   can	
   normalize	
   aberrant	
   angiogenesis	
   by	
   high	
   VEGF	
  
doses	
   taking	
   advantage	
   of	
   the	
   highly	
   controlled	
   myoblast-­‐based	
   gene	
   delivery	
  
platform	
   described	
   here.	
   If	
   the	
   proof	
   of	
   principle	
   was	
   confirmed,	
   the	
   results	
  
should	
  be	
  extended	
   to	
  a	
   clinically	
   relevant	
  gene	
   therapy	
  vector,	
   such	
  as	
   the	
  co-­‐
expression	
  of	
  VEGF	
  and	
  Sema3A	
  from	
  a	
  single	
  AAV	
  construct.	
  
Regardless	
   of	
   whether	
   Sema3A	
   may	
   have	
   a	
   normalization	
   function,	
   its	
   role	
   in	
  
regulating	
  vascular	
  stabilization	
  in	
  VEGF-­‐induced	
  angiogenesis	
  could	
  be	
  exploited	
  
to	
   accelerate	
   vascular	
   stabilization	
   in	
   short-­‐term	
  delivery	
   systems.	
   For	
   example,	
  
biodegradable	
   biomaterials	
   easily	
   allow	
   the	
   delivery	
   of	
   homogeneous	
   and	
  
controlled	
  VEGF	
  doses,	
  but	
  it	
  is	
  challenging	
  to	
  sustain	
  release	
  for	
  at	
  least	
  4	
  weeks.	
  
Sema3A	
  incorporation	
   in	
  such	
  biomaterials	
  together	
  with	
  a	
  safe	
  VEGF	
  dose	
   is	
  an	
  
attractive	
   approach	
   to	
   accelerate	
   the	
   stabilization	
  of	
   the	
   newly	
   induced	
  normal	
  
angiogenesis	
  despite	
  short	
  duration	
  of	
  factor	
  release.	
  
Lastly,	
   a	
   fascinating	
   opportunity	
   could	
   be	
   provided	
   by	
   the	
   combination	
   of	
   the	
  
normalization	
  features	
  of	
  Ephrin	
  pathway	
  stimulation	
  with	
  the	
  stabilization	
  effect	
  
of	
  Sema3A,	
  for	
  example	
  using	
  a	
  tri-­‐cistronic	
  vector.	
  However,	
  recent	
  work	
  by	
  the	
  
group	
   of	
   K.	
   Alitalo	
   (Helsinki,	
   Finland),	
   suggests	
   that	
   it	
   could	
   be	
   possible	
   to	
  
develop	
   a	
   single	
   bifunctional	
   chimeric	
   protein	
   by	
   fusing	
   together	
   the	
   receptor-­‐
binding	
  region	
  of	
  each	
  molecule,	
  to	
  be	
  co-­‐expressed	
  with	
  VEGF	
  (17).	
  
In	
   conclusion,	
  we	
   have	
   identified	
   some	
  mechanisms	
   of	
   vascular	
  morphogenesis	
  
and	
   stabilization	
   underlying	
   normal	
   and	
   aberrant	
   vascular	
   growth	
   induced	
   by	
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VEGF	
  over-­‐expression	
  at	
  specific	
  doses.	
  These	
  results	
  suggest	
  novel	
   targets	
  that	
  
have	
  the	
  potential	
  to	
  modulate	
  the	
  dose-­‐dependent	
  effects	
  of	
  VEGF	
  gene	
  delivery	
  
in	
  combinatorial	
  therapeutic	
  approaches.	
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May	
  2006	
  -­‐	
  	
  
July	
  2006	
  
Internal	
  training	
  as	
  undergraduate	
  student	
  
	
   University	
  of	
  Padua,	
  Faculty	
  of	
  Mathematics	
  Physics	
  and	
  Natural	
  Sciences,	
  Department	
  of	
  Biology,	
  
Supervisor	
  Prof	
  Santovito	
  Gianfranco	
  -­‐	
  Via	
  Ugo	
  Bassi,	
  35121	
  Padova,	
  Italy	
  
	
   Research	
   Project:	
   phylogenetic	
   analysis	
   of	
   superoxide	
   dismutase	
   in	
   Antartic	
   and	
   not	
   Antartic	
  
species	
  in	
  order	
  to	
  understand	
  the	
  conservation	
  degree	
  of	
  superoxide	
  dismutase	
  Cu-­‐Zn.	
  	
  
	
  
	
   	
  
	
  
	
  
PERSONAL	
  SKILLS	
  AND	
  COMPETENCES	
  
	
   	
  
Mother	
  tongue	
   Italian	
  
Other	
  language(s)	
   English	
  (Speaking:	
  Good;	
  Writing:	
  Good;	
  Reading:	
  Good)	
  
German	
  (Speaking:	
  Intermediate;	
  Writing:	
  Intermediate;	
  Reading:	
  Intermediate)	
  
Technical	
  skills	
  and	
  
competences	
  
Cell	
  culture	
  handling	
  in	
  conventional	
  mono-­‐layer	
  and	
  in	
  spheroid	
  system	
  with	
  primary	
  cells	
  and	
  
cell	
  lines	
  	
  
Cell	
  transfection	
  and	
  transduction	
  	
  
Isolation	
  of	
   specific	
  cell	
   subsets	
   from	
  skeletal	
  muscles	
  by	
  Fluorescence-­‐Activated	
  Cell	
  Sorting	
  
(FACS)	
  
Cytofluorimetric	
  analysis	
  with	
  BD	
  FACS	
  Calibur	
  and	
  Beckman	
  Coulter	
  Cyan	
  
Bacteria	
  culture	
  and	
  cloning	
  
RNA	
  and	
  DNA	
  Extraction,	
  Quantitative	
  Real	
  Time	
  PCR	
  
Immunohistochemistry,	
  immunofluorescence	
  techniques	
  and	
  imaging	
  by	
  confocal	
  microscopy	
  
(Carl	
  Zeiss	
  LSM	
  710	
  controlled	
  via	
  the	
  ZEN	
  software	
  utility)	
  
Elisa,	
  Western	
  Blot,	
  Gene	
  Reporter	
  Assay	
  
In-­‐vivo	
  experiments	
  (with	
  mice)	
  
Computer	
  skills	
  and	
  
competences	
  
OS:	
  Windows	
  and	
  Macintosh	
  
Good	
  command	
  of	
  internet	
  and	
  Microsoft	
  Office	
  tools,	
  in	
  particular	
  Word,	
  Power	
  Point,	
  Excel,	
  
and	
  Access	
  
FlowJo,	
  GraphPad	
  Prism,	
  Adobe	
  Photoshop,	
  and	
  ImageJ	
  
Driving	
  licence	
   Italian	
  driving	
  licence,	
  category	
  B	
  
 3 
Work	
  permit	
   B	
  permit	
  for	
  Switzerland	
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  stabilization	
  by	
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  Sema3A/CD11b+	
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  EphrinB2/EphB4	
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   Ehrbar	
  M.,	
   Hubbell	
   J.A.,	
   Redl	
   H.,	
   Banfi,	
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   Long-­‐
lasting	
   fibrin	
   matrices	
   ensure	
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   and	
   functional	
   angiogenesis	
   by	
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   tunable,	
   sustained	
  
delivery	
  of	
  recombinant	
  VEGF164	
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  2014).	
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   Groppa	
   E.,	
   Melly	
   L.,	
   D	
   Largo	
   R,	
   Heberer	
   M.,	
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   A.	
   Increased	
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   and	
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  progenitors	
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  PARTECIPATION	
  AT	
  CONFERENCES	
  AND	
  SYMPOSIA	
  
	
   	
  
Oral	
  Presentation	
   VEGF	
   dose	
   negatively	
   regulates	
   the	
   stabilization	
   of	
   newly	
   induced	
   vessels	
   by	
   inhibiting	
   the	
  
Sema3A/NP-­‐1+CD11b+monocytes/TGF-­‐β1	
   axis.	
   International	
   Vascular	
   Biology	
   Meeting,	
   in	
  
Wiesbaden,	
  Germany	
  (2012)	
  	
  
	
   	
  
Poster	
  
Presentation	
  
EphrinB2/EphB4	
   signaling	
   controls	
   the	
   switch	
   from	
   normal	
   to	
   aberrant	
   angiogenesis	
   caused	
   by	
  
VEGF	
  dose.	
  Cardiovascular	
  &	
  Metabolic	
  Research	
  Conference	
  2014,	
  in	
  Fribourg,	
  Switzerland	
  (2014)	
  -­‐	
  
Best	
  Poster	
  prize	
  
	
  
Molecular	
  mechanisms	
  of	
  endothelium-­‐pericyte	
  crosstalk	
  for	
  therapeutic	
  angiogenesis.	
  Advances	
  in	
  
the	
  Cellular	
  and	
  Molecular	
  Biology	
  of	
  Angiogenesis,	
  in	
  Birmingham,	
  UK	
  (2011)	
  
 
Molecular	
   mechanisms	
   of	
   endothelium-­‐pericyte	
   crosstalk	
   for	
   therapeutic	
   angiogenesis.	
   8th	
  
International	
  Symposium	
  on	
  the	
  Biology	
  of	
  Endothelial	
  Cells,	
  in	
  Zurich,	
  Switzerland	
  (2011)	
  
	
   	
  
	
   Role	
  of	
  pericyte	
  signaling	
  pathways	
  in	
  the	
  normalization	
  of	
  VEGF-­‐induced	
  angiogenesis	
  by	
  PDGF-­‐BB	
  
co-­‐expression.	
   Cardiovascular	
   Biology	
   and	
   Clinical	
   Implications	
   Meeting,	
   in	
   Muntelier,	
   Switzerland	
  
(2010)	
  -­‐	
  Best	
  Poster	
  prize	
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Personal	
  interests	
   Travelling,	
  Reading,	
  Listening	
  music,	
  Enjoy	
  with	
  friends	
  
Sports	
   Jogging,	
  Biking,	
  Handball,	
  Hiking,	
  Skiing,	
  Swimming	
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